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■ABSTRACT
This the sis  deals with the ana lytica l u t i l i t y  of high performance 
liq u id  chromatography (HPLC) fo r  the determination of metals as metal 
complexes, using th in -la ye r chromatography as a p ilo t  technique. The 
requirements fo r the successful app lication  of the method are discussed.
The C o ( I I) ,  C u ( I I) ,  M g ( II) ,  N i ( I I )  and Z n ( I I)  complexes of acety l- 
acetone, benzoyl acetone and dibenzoylmethane, and the F e ( I I I )  and 
A l ( I I I )  complexes of dibenzoylmethane were found to be chromatographically 
unstable in  a varie ty  of th in -la ye r chromatographic and HPLC systems.
The complexes of C u ( II)  and F e ( I I I )  with dibenzoylmethane were, however, 
stable during HPLC in the exclusion mode and a separation was obtained.
The complexes of C o ( I I I )  and C r( I I I )  with the three ligands were stable 
in  several th in -la ye r chromatographic and HPLC systems and separations 
of the acetyl acetone and dibenzoylmethane complexes were obtained by .
HPLC using a m icroparticuiate s i l i c a  substrate. The p o s s ib il it y  of 
extraction  of C o ( I I I )  and C r ( I I I )  from aqueous so lu tion  as the dibenzoyl- 
methane complexes was demonstrated.
Several complexes of thiodibenzoylmethane were a lso  found to be 
chromatographically unstable during th in -la ye r chromatography and HPLC 
on s i l ic a .  The N i ( I I )  and C o ( I I I )  complexes were stab le, however, and 
could be separated by HPLC on a m icroparticuiate s i l i c a  substrate.
A surface effect in the presence of water was indicated as a possib le  
cause of decomposition of the C u ( II)  complex. The solvent extraction 
properties of the N i( I I ) and C o ( I I I )  complexes were investigated
and extraction was found to be rapid and quantitative. Interference 
from excess ligand in the determination of N i ( I I )  and C o ( I I I )  could 
be avoided by back-extraction with sodium hydroxide so lu tion .
The development of an HPLC method fo r the determination of traces
of Ni and Co i s  described and the e ffect of many diverse ions investigated.
F e ( i l l ) ,  C r ( I I I )  and S n ( I I ) / ( IV )  were the most s ig n if ic a n t  in te rfe ring
ions but the other ions investigated were tolerated in  100 - 1000-fold
-11excess. The extreme s e n s it iv it y  of the detector enabled 3 x 10 g 
of Ni and Co to be detected as the complexes and Ni and Co concentrations 
of approximately 6 ng/ml in aqueous so lution  were determined in routine 
ana ly s is. The application  of the method to a variety  of specimens 
selected to demonstrate the v e r s a t i l it y  of the technique i s  described.
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• CHAPTER 1 
TRACE ANALYSIS
1.1 INTRODUCTION
The rea lisa t ion  of the s ig n if ic a n t  role of very small amounts 
of elements in  chemical, physical and b io log ica l systems has greatly  
stimulated the refinement of analyses at these le ve ls. The development 
of the spec ia lised  methodology and instrumentation produced by the 
ana lytica l requirements imposed by the minute quantities and typ ic a lly  
complex systems involved has led to the consideration of trace ana ly sis  
as a d is t in c t  f ie ld  of ana lytica l chemistry. Unlike micro- and u lt ra ­
micro-elemental analyses, which are concerned with the determination 
of major and minor constituents in  small samples, the aim of trace 
ana ly sis  i s  to detect low concentrations of elements e x ist in g  in  a 
matrix which consists of the major constituents of the sample. The 
matrix i s  sometimes a s in g le  element as in  the ana ly sis  of h igh -pu rity  
m aterials such as metals, semiconductors and reactor m ateria ls, but 
i s  more often a combination of elements as in the case of geological 
and lunar samples, and organic and b io log ica l m aterials. With the 
increasing concern over the environment, determinations of traces in  
matrices such as foodstu ffs, water and a ir  are frequently carried out.
Considerable in te re st has centered on the ana ly sis  of metals, fo r
although many metals are e ssentia l m icronutrients, very few are 
completely non-toxic at any leve l, and even those metals may be harmful 
i f  they unbalance the e ssentia l metal leve ls in the ecosystem. A lso, 
the growing number of important in teractions between trace metals that 
are recognised in  b io log ica l systems has increased the importance of 
ana lytica l methods which permit the simultaneous measurement of many 
species in  one sample. Methods that enable measurements of metal 
oxidation states and the composition of metal species are a lso  required,
Toxic leve ls of metals can occur under several circumstances. The 
so il may contain large quantitie s of metals re su lt in g  e ithe r from the 
presence of undisturbed metal ore near the so il  surface, or from the 
mining of ore bodies. Contamination may a lso  be produced by the use 
of tox ic  metals such as fung ic ides, pestic ides and d is in fectan ts.
Other sources of so il contamination are le ss obvious and generally 
occur on a smaller sca le , e.g. the contamination of road-side s o i ls  
by lead and other metals, z inc  contamination of the so il  below 
galvanised fences, etc. Toxic metals may also  contaminate the 
atmosphere, where they may be concentrated in submicrometer-sized 
p a rt ic le s which can be absorbed by b io log ica l systems, or water.
The rea lisa t ion  of the a b i l it y  of both f lo ra  and fauna to accumulate 
metals, with the ultimate threat to human health through the various 
food chains, has led to the necessity  fo r monitoring even u ltra -trace  
leve ls of many metals1.
The importance of the e ffects of trace im purities in  m aterials on 
the ir  chemical and physical properties i s  a lso  an area of prime concern, 
and the trend towards the use of in creasing ly  pure metals, semi­
conductors etc. makes increasing demands on th e ir  ana lytica l character!sati
- 3 -
1.2 GENERAL ASPECTS OF TRACE ANALYSIS3
The r e l ia b i l i t y  of an ana lytica l method fo r trace ana ly sis  i s  
characterised by i t s  rep rod uc ib ility  or p rec ision , depending on 
s t a t is t ic a l  e rro rs, and i t s  accuracy, depending on systematic e rro rs.
Thus, a method with inherent systematic errors may y ie ld  very precise
*
but inaccurate re su lts.  I t  i s  well known that the type of matrix 
can affect the determination of trace elements and thus the u n a va ila b ility  
of su itab le  standards complicates the e lim ination of systematic e rrors 
and i s  a lim it in g  factor in th is  f ie ld .  In the absence of sa t is fa c to ry  
standards, s t a t is t ic a l  evaluation of systematic e rrors i s  possib le , and 
once they have been assessed or elim inated the accuracy of the method 
can be considered in terms of the precision. A ll trace methods are 
subject to the common lim ita tion  that p recision  deteriorates on 
approaching the detection lim it ,  and in general the nature of the 
detection system and the degree of control over the sample homogeneity, 
sample de livery  and,in the case of spectroscopic methods, the excitation  
or absorption process involved a ll affect the attainable precision.
One of the most important considerations in trace ana lysis 
concerns the role of interferences in the ana lysis of samples, and 
these must be elim inated, minimised or corrected for. They may e ithe r
be present in the sample or generated during the course of the ana ly s is. 
Although correction fo r interference by mathematical treatment of the 
data a fte r ana ly sis  can sometimes be used, additional e rror is  incurred. 
Optim isation of the various experimental parameters in an instrumental 
method in  order to minimise interferences i s  a more common approach, 
but s e n s it iv it y  i s  often lo st .  Chemical separation p r io r  to measurement 
i s  generally the most e ffective  method of achieving added se le c t iv ity ,  
but i s  often time consuming, samples are subject to contamination and
- 4 -
lo ss  at the trace leve l, and the additional manipulation and handling 
processes generally propagate e rrors. However, a separation step 
does provide more homogeneous samples and s im p lif ie s  the preparation 
of su itab le  standards.
A desirable feature of any technique, due to the expense involved 
in  the purchase and maintenance of instruments used in trace an a ly s is, 
i s  i t s  a b i l it y  to determine a range of elements, and a lso  to provide 
multi-element information in  a given ana ly sis. The comprehensive 
techniques such as emission spectroscopy and spark source mass 
spectrometry, are p a rt icu la r ly  useful as survey methods fo r unknown 
samples. However, a compromise in experimental conditions i s  u sua lly  
necessary to produce an average optimum condition fo r  the simultaneous 
determination of many elements and a convenient m ulti-detector i s  
necessary, and as a re su lt  comprehensive methods are generally le ss 
precise and sen sit ive  than s in g le  element methods where optimised 
conditions are employed. Another important factor, p a rt icu la r ly  when 
large numbers of samples are involved, i s  the time of an a ly s is , and i t  
may be advantageous to sa c r if ic e  v e r sa t il it y  fo r speed. A lso, the 
s u it a b i l i t y  of techniques fo r the ana lysis of so lid s  or so lu tion s may 
influence choice.
I t  i s  c lear, therefore, that the se lection  of an ana lytica l method 
invo lves a se rie s of compromises, and the jud ic ious use of techniques 
in  order to provide the type of information desired i s  e ssen tia l.
In trace ana ly sis  the blank value produced by im purities introduced 
by reagents, apparatus and laboratory a ir  affects the rep roduc ib ility  
and lim it  of detection of the ana ly s is. The order of magnitude of 
the e rrors thus produced i s  greatly  dependent on the element and type 
of sample preparation procedure. The standard of c lean line ss in the
- 5 -
laboratory  is  very important s ince,  par t icu lar ly  in densely populated 
areas, the atmosphere may contain many potential contaminants.
Exchange processes between solutions and vessels are also o f
importance in trace analys is .  Even highly polished glass and quartz
surfaces possess higher act ive  surface areas than th e i r  apparent
geometrical surface areas suggest and th is  results in pronounced
adsorption and desorption exchange reactions taking place between the
surface and the so lu t ion.  These e f f e c t s  general ly  become noticeable
-3
at  concentrations below 10 M as slow, time-dependent changes in 
concentration. In very d i lu te  solut ions,  however, decrease in concen­
tra t ion  can be quite rapid. Conversely, high purity  acids, a lka l is  and 
solutions o f  complexing reagents tend to d isso lve  impurities out o f  
the vessel surface. Most ion ic  species are retained by f i l t e r  paper, 
glass wool and cotton wool;  f i l t r a t i o n  should there fore  be avoided in 
methods where the ion to  be determined remains in solut ion a f t e r  a 
p rec ip i ta t ion .  Prec ip i ta tes  may also be contaminated by fore ign  ions 
introduced by the material o f  the f i l t e r .  Since neither completely 
pure nor completely in e r t  materials are known, great  d i f f i c u l t i e s  are 
encountered in the preparation, storage and usage o f  reagents and 
samples f o r  trace analysis without contamination from the container. 
Errors are increased by long storage and the use or high temperatures.
In the trace analysis o f  solut ions attention must be paid to  the 
reagents used. Reagents should be checked regu lar ly  f o r  impurities and 
i t  is  desirable  to keep the reagents used to  a minimum o f  read i ly  
pur i f ied  materia ls.
The storage and s t a b i l i t y  o f  standard solutions is  another problem 
in trace analys is . In addition to adsorption and desorption e f f e c t s ,  
the e f f e c t  o f  exposure to l i g h t  and heat should be considered, and i t  is
good pract ice  to keep the same apparatus always f o r  the same 
concentrations o f  the same solut ions as they are then permanently 
equ i l ibra ted .
Methods o f  sample preparation should be considered in the assessment 
o f  the sources o f  errors  f o r  trace methods, e .g .  grinding vessels  may 
contaminate samples as a resu l t  o f  wear. In the decomposition 
methods which are usually employed to obtain a solut ion o f  the sample, 
the surface area o f  the vessel should be minimised, a minimum excess 
o f  e a s i l y  pur i f ied  reagents should be used, and v o l a t i l i s a t i o n  o f  the 
elements to be studied must be con tro l led .  The major ity  o f  organic 
matrices can be read i ly  decomposed by dry or wet ashing procedures.
Dry ashing procedures are complicated by loss o f  many elements, and 
the addition o f  f luxes to  reduce losses may increase the reagent blank 
or cause further  losses by in teract ions with the vesse l .  Wet ashing 
procedures may also produce high reagent blank values.
I . 3  METHODS FOR TRACE ANALYSIS
A l i s t  o f  the most commonly used analyt ica l  techniques which 
meet the contraints o f  trace analysis is  given in Table 1.1. The 
detect ion l im its  quoted are approximate values f o r  detect ion in 
favourable conditions and may be raised by several orders o f  magnitude 
depending on the trace element and the matrix. I t  can be seen that 
several detect ion methods o f f e r in g  good s e n s i t i v i t y  ( in  the pg range) 
are ava i lab le .
Mass spectrometric methods f o r  metal determination include 
chemical ion isat ion mass spectrometry o f  metal che lates ,  which is  l imited 
to  metals which form thermally s tab le ,  v o l a t i l e  complexes, and spark
Table 1.1 Approximate detect ion l im its  f o r  techniques commonly 
used f o r  trace analysis
Method Approx. detection 
l im i t  (g )
Thin layer  chromatography 10"8
T i t r im e t r i c  methods K f 9 (a )
ti
X-ray f luorescence 10"9
3
Spectrophotometry O
1 KO
cr
3
Fluorimetry TO'10 ( c )
ti
Polarographic methods
or—%o
ti
Emission spectroscopy o
) o
3
Atomic absorption ( f lame) —J o
i o
5-11
High performance l iqu id  chromatography _! 0 ! KO 1 o ! <T>
3 12
Mass spectrometry 9 K f 10 -  10"12
Gas chromatography (see chapter 3) 10 '12
ti
Atomic absorption ( f lameless ) O
1 CO
ti
Electron-probe microanalysis 10"14
ti
Neutron act iva t ion  analysis K f 14 (d )
3
Radio-isotope techniques K f 9 - 10 '17
a e lectrometr ic  indicat ion used
b 1 cm absorption path length, minimum volume 1 ml
c minimum volume 1 ml
d neutron f lux  o f  10^4 neutrons/cm^/sec
e the lower detect ion l im i t  is  reported in the present work
-8 -
source mass spectrometry. The second method is  applicable  to most 
elements with s im i lar  s e n s i t i v i t i e s .  As indicated prev iously ,  an 
overa l l  coverage o f  the elements is  possible in a s ing le  analys is .
I t  i s  also possible to  study traces in the surface o f  samples. The 
method has been used p r in c ipa l ly  in the analysis o f  metals and semi­
conductors, both f o r  bulk and surface traces,  microsamples such as 
minute c ry s ta ls ,  f i l i n g s  e t c . ,  and gases in metals. Some application 
to  the determination o f  trace metal impurities in organic material 
has been found, with the advantage that sample ashing is  s u f f i c i e n t  
preparation.
Gas chromatographic analyses are discussed in Chapter 3.
Atomic absorption analysis is  probably the most commonly used 
instrumental technique f o r  trace metal analys is ,  due la rge ly  to the 
moderate price o f  equipment, good s e n s i t i v i t y  f o r  a large number o f  
elements and s u i t a b i l i t y  f o r  a wide range o f  appl icat ions.  Conventional 
flame techniques are very i n e f f i c i e n t  since much o f  the sample is  not 
atomised and the f ra c t ion  that is  atomised stays in the opt ica l  beam 
f o r  only a f ract ion  o f  a second. This led to  the development o f  
f lame!ess atomisation devices in which an a liquot  o f  the sample is  
placed in a graphite tube or cup which is  heated by passing an e l e c t r i c  
current through the graphite . The heating program can be se lected to 
su i t  the sample, i . e ,  a low temperature is  used to remove solvent and 
higher temperatures to ash and atomise the sample. Although atomic 
absorption analysis has the advantage o f  exce l len t  s e l e c t i v i t y  and, 
th eo r e t i c a l l y ,  sample pretreatment is  unnecessary f q r  the f lame!ess 
technique, i t  i s  l imited to  the determination o f  one element per analys is .
Electron-probe microanalysis is  a surface technique and is  principal ly ,  
used f o r  the study o f  imperfections in metals and ceramics but can be
- 9 -
used f o r  the d i re c t  analysis o f  b io log ica l  and environmental samples, 
although the samples must be very thin or homogeneous. The low 
detection l im i t  is  la rge ly  due to  the small area o f  sample surface 
involved in the analys is ,  and the method does not g ive  multi-element 
information.
In neutron ac t iva t ion  analysis the major problem is  the se lec t ion  
o f  optimum conditions f o r  each sample, since too l i t t l e  ac t iva t ion  
decreases s e n s i t i v i t y  but too much may act iva te  so many elements that 
the decay curve is  too complex to  in terp re t .  S e n s i t i v i t i e s  are 
dependent on the neutron f lu x ,  time o f  radiation and h a l f  l i v e s  o f  the 
radio- isotopes produced, and the technique is  not suitable  f o r  a l l  
elements.
The attainable  detect ion l im its  o f  radio- isotope techniques are 
genera l ly  f ixed  by the s p e c i f i c  a c t i v i t i e s  a va i lab le ,  and iso top ic  
tracers  are ava i lab le  f o r  most elements. Most rad io - t racer  techniques 
circumvent errors  due to  par t ia l  loss o f  the sample, and inter ferences  
are not usually a problem. •
High performance l iqu id  chromatographic analysis o f  metal chelates 
may o f f e r  a s im i lar  s e n s i t i v i t y  to that o f  other well  established 
techniques, and, t h eo r e t i c a l l y ,  i t  should be possible  to provide mult i ­
element information f o r  each analys is .  The technique requires the 
sample to be in solut ion and has many o f  the advantages o f  the gas 
chromatographic analysis o f  metal chelates (see Chapter 3) without 
the l im ita t ions  o f  thermal s t a b i l i t y  and v o l a t i l i t y .
-1 0 -
THE ROLE OF METAL COMPLEXES IN METAL ANALYSIS
CHAPTER 2
The demands o f  technical progress in the rapidly  advancing old 
and the newly emerging branches o f  industry, together  with the 
requirements o f  environmental monitoring, have led to the development 
o f  methods f o r  the s e l e c t i v e  determination o f  trace metal impurities 
in the presence o f  large concentrations o f  other components, so that 
th is  f i e l d  is  now one o f  the central areas in analyt ica l  chemistry.
2.1 METHODS OF APPLICATION OF ORGANIC REAGENTS' IN METAL. ANALYSIS
Organic reagents which form complexes with metal ions can be 
u t i l i s e d  f o r  the solution o f  numerous problems in various f i e l d s  o f  
analyt ica l  chemistry. They may be applied in grav imetr ic ,  volumetric, 
or spectrophotometric analysis and polarography as well  as chromatography, 
which w i l l  be discussed in Chapter 3. The formation o f  complexes with 
an organic reagent may e i th e r  form the basis o f  an analyt ica l  determination 
o f  a metal,  or be a masking step in another procedure. Important 
features o f  the quant i ta t ive  analyt ica l  applicat ion o f  organic reagents 
are the p o s s ib i l i t y  o f  contro l led  separation, and, in cases where the 
metal is  transferred to another phase, enrichment.
2 .1 .1  G ra v im e tr ic  a n a ly s is
The a p p l i c a b i l i t y  o f  an organic reagent in gravimetric  analysis 
depends on both i t s  s o lu b i l i t y  and the s o lu b i l i t y  o f  i t s  metal complexes.
In the ideal  s i tuat ion the reagent is  highly soluble in water and the 
complex o f  in t e re s t  is  completely insoluble,  since in th is  case the 
amount o f  reagent contaminating the complex prec ip i ta te  i s  small and 
read i ly  removed by washing. Organic reagents which are sparingly 
soluble in water may be applied in the form o f  water-soluble sa l ts  or 
d isso lved in an organic solvent misc ib le  with water. In the l a t t e r  case, 
care must be taken to optimise the volumes o f  organic solvent and water 
to avoid prec ip i ta t ion  o f  the reagent and increased s o lu b i l i t y  o f  the 
complex.
The most important advantage o f  the application o f  organic reagents 
in grav imetr ic  analysis is  the high molecular weight o f  the metal complex 
obtained and the result ing  high s e n s i t i v i t y  o f  the determination. I t  is  
essent ia l  that the composition o f  the complex is  s to ich iom etr ica l ly  
reproducible and that the p rec ip i ta te  can be dried to  constant weight 
without decomposition i f  the high s e n s i t i v i t y  due to the organic reagent 
is  to be exp lo i ted ,  since i f  th is  is  not the case the complex must be 
ign i ted  and weighed as the oxide or the metal.
The technique o f  homogeneous p rec ip i ta t ion  often leads to p rec ip i ta tes  
o f  g reater  purity  and permits a f i n e r  control over p rec ip i ta t ion  conditions.  
In th is  method the p rec ip i ta t ing  agent is  generated in a slow react ion,  
e i th e r  from i t s  components or by decomposition o f  an appropriate parent 
compound, in a solut ion o f  the metal ion to be determined, al lowing the 
slow formation o f  a c r y s ta l l in e  p rec ip i ta te  o f  the metal complex. The 
slow ra is ing  o f  the pH o f  the metal ion so lu t ion,  e . g .  by the hydrolysis
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o f  urea, in the presence o f  the organic reagent results  in the slow 
p rec ip i ta t ion  o f  complexes whose formation requires an a lka l ine  medium.
Other applicat ions o f  th is  technique include the gradual removal o f  a 
masking agent or a so lu b i l i s in g  so lvent  e .g .  by b o i l in g .
Organic reagents are a lso important in the f i e l d  o f  enrichment 
methods based on co -p rec ip i ta t ion .  The enrichment may be performed 
e i th e r  by p rec ip i ta t ion  o f  an organic reagent which is  sparingly soluble 
in water from the metal ion so lu t ion ,  in which case the p rec ip i ta te  
consists o f  the metal chelate and a large excess o f  p rec ip i ta t ing  agent, 
or by the addition o f  a metal ion o f  re la ted  chemical behaviour to  the 
metal ion solut ion and subsequent treatment with a reagent which p rec ip i ta tes  
the two chelates together .
2.1.2 Volumetric analysis
The most important appl icat ion o f  organic reagents in the volumetric 
analysis o f  metals is  in comp!exometric t i t r a t i o n s  where they are used 
both as t i t r an ts  and ind icators .  The metal can e i the r  be determined in 
a d i r e c t  t i t r a t i o n  with the complexing t i t r a n t ,  or in a back- t i t ra t ion  
in which an excess o f  reagent i s  used to  achieve complete formation o f  
the metal complex and then the unreacted reagent is  t i t r a t e d  with a 
standard solut ion o f  another suitable  metal.  A l t e rn a t i v e l y ,  ind i r ec t  
or  displacement determinations may be performed in which the metal ion 
solut ion is  treated with an excess o f  a solut ion o f  a complex o f  another 
metal which is  read i ly  displaced and more e a s i l y  determined by comp!exo­
metric t i t r a t i o n .
In an a l te rna t ive  procedure the organic moiety o f  a metal complex 
p rec ip i ta te  i s  determined t i t r i m e t r i c a l l y ,  g iv ing  the equivalent metal 
content o f  the complex. The organic l igand may be measured by to ta l
ox idat ion,  or some functional group o f  the l igand can be estimated 
ox id im e tr ica l ly .  In t i t r a t i o n s  o f  th is  type the equivalent weight o f  
the metal ion is  usually very small and the method can be very s ens i t i v e .
2.1.3 Spectrophotometric analysis
In many cases metal complexes o f  organic reagents absorb u l t r a v i o l e t  
or v i s i b l e  rad iat ion ,  and th is  charac te r is t ic  forms the basis o f  the 
spectrophotometric methods o f  analys is .  The bands which appear in the 
spectra o f  the most commonly used complexes are associated with three 
fundamental types o f  e le c t ron ic  t rans i t ion ,  and may be c l a s s i f i e d  as 
a) d - d  trans i t ion  bands, b) charge trans fer  bands, or c )  bands 
corresponding to t rans i t ions  within the l igand.
In the case o f  a d - d t ran s i t i o n ,  an e lectron is  exc ited from one 
o f  the d o rb i ta ls  o f  the metal atom to another d orb i ta l  o f  the same atom, 
and th is  t rans i t ion  is  only possible  due to the perturbation e f f e c t s  o f  
the l igands on the metal.  The result ing  d i f fe rence  in energy between 
d o rb i ta ls  is  r e l a t i v e l y  small and the d - d  bands are usually located
in the v i s i b l e  region o f  the spectrum. The pos it ion o f  the bands is
modif ied by the l igand,  strongly  coordinated l igands increasing the 
d i f fe rence  in energy o f  the d o rb i ta ls  and sh i f t in g  the d - d  band to a 
lower wavelength. Also,  the in ten s i ty  o f  the d - d  band is  a l tered  by 
a change in the geometry o f  the complex.
A charge trans fe r  band is  associated with the trans i t ion  o f  an 
e lectron from an orb i ta l  belonging mainly to the l igand to another o rb i ta l  
belonging mainly to the metal atom, or v ice  versa. The f i r s t  type o f
charge trans fer  occurs with ox id isable  l igands and metal atoms in high
oxidat ion states .  As the ox id is ing  and reducing a b i l i t y  o f  the metal 
atom and l igand respec t iv e ly  increase,  the energy required f o r  the charge
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t rans fe r  decreases and the band appears at longer wavelengths in the 
spectrum. Charge trans fer  bands genera l ly  appear in the u l t r a v i o l e t  
region o f  the spectrum and the in ten s i ty  is  about one hundred times 
greater  than that o f  d - d t rans i t ion  bands. In some cases the energy 
o f  a charge trans fer  e lectron t rans i t ion  is  very low and the band appears 
in the v i s i b l e  region o f  the spectrum and may mask the d - d  trans i t ion  
band because o f  i t s  higher in ten s i ty .  In complexes formed by low 
oxidat ion state  metals with unsaturated l igands,  back-coordination 
occurs and charge t rans fe r  bands caused by the trans fe r  o f  an e lectron 
from an orb i ta l  o f  the metal atom to  a l igand o r b i t a l ,  with or without 
e x c i ta t ion ,  are observed in the spectrum.
In many cases the spectrum o f  the metal complex is  very s im i lar  to 
that  o f  the f r e e  l igand because o f  the in tens i ty  o f  the bands associated 
with e lectron transi t ions within the l igand. In complexes where the 
metal atom and l igand are linked pr imari ly  by e l e c t r o s t a t i c  f o rces ,  the 
metal ion influences the spectrum o f  the l igand in a way s im i lar  to 
protonation o f  the l igand and complex formation is  accompanied by only 
s l i g h t  modi f ications o f  the absorption curve which are not s p e c i f i c  f o r  
the cation concerned. As the degree o f  covalency o f  the metal- l igand 
bond increases, the absorption maxima are sh i f ted  to lower wavelengths 
and charge trans fe r  bands may occur in the same region as the l igand 
absorption bands, making d i f f e r e n t i a t i o n  between these two types o f  
absorption rather d i f f i c u l t .
The most useful spectrophotometric reagents are genera l ly  l igands 
whose complexes have absorption bands which are well  separated from 
those o f  the l igand i t s e l f ,  in order to  al low determination o f  the complex 
in the presence o f  the excess o f  l igand which is  necessary f o r  
quanti ta t ive  complex formation. Although both d - d  trans i t ion  and
charge trans fe r  bands are genera l ly  suitable  in this respect,  the high 
in tens i ty  o f  the charge t rans fe r  band permits more sens i t i ve  determinations.
Ligands which g ive  both water-soluble  metal complexes and complexes 
which are only soluble in apolar organic solvents can be used in spectro­
photometry i f  the absorption o f  a solution o f  the complex obeys Beer's 
law, i . e .  absorbance is  proportional to  concentration over the required 
range. The use o f  l igands which form e l e c t r i c a l l y  neutral,  coord inat ive ly  
saturated metal complexes which are insoluble in water and quite soluble 
in organic solvents enable metal ions to be extracted from th e i r  aqueous 
solutions by organic solvents immiscible with water. This al lows the 
p o s s ib i l i t y  o f  separation o f  the l igand and complex i f  the l igand is  not 
transferred to the organic phase by extract ion or by back-extraction o f  
the l igand with a suitable  reagent, and the method can be applied to 
systems where complex and l igand spectra are s im i lar .
Considerable errors may ar ise  in spectrophotometric methods, as in 
other types o f  analys is ,  i f  more than one o f  the successively  formed 
complex species are present in the solut ion to be analysed. Thus, complex 
systems in which one o f  the successive ly  formed species is  pa r t icu la r ly  
stable  are the most advantageous f o r  analyt ica l  purposes, and in solvent 
extract ion  methods the p o s s ib i l i t y  o f  e rror  is  l eas t  with those complexes 
in which the compensation o f  the charge on the metal ion and the saturation 
o f  i t s  coordination sphere require the same number o f  l igands.
2.1.4 Polarography
Complexing reagents also f ind  applicat ion in polarography since 
complex formation sh i f t s  the polarographic wave o f  metal ions, thus 
changing the values o f  half-wave potent ia ls  o f  indiv idual  metal ions.
In  a s i t u a t io n  where the  d e te rm in a t io n  o f  one metal is  h indered by an
in t e r f e r in g  ion, i f  complex formation produces s u f f i c i e n t  separation 
between th e i r  half-wave po ten t ia ls ,  inter ference is  el iminated.
2.2 THE SOLVENT EXTRACTION OF METAL CHELATES13»1H
In aqueous solut ion metal ions e x i s t  as solvated species which 
are insoluble  in organic so lvents ,  and in order to obtain extractable  
species some or  a l l  o f  the water molecules must be replaced and the 
p o s i t i v e l y  charged metal ion must be converted into an e l e c t r i c a l l y  
neutral species. Organic reagents which have one anionic group ( e . g .
-OH, -SH, e t c . )  and one uncharged basic group ( e . g .  = N-, =0 e t c . )  can 
read i ly  replace coordinated water molecules from many metal ions to 
form neutral chelate compounds which are only s l i g h t l y  soluble in water 
and soluble in organic solvents .
The solvent extract ion o f  metal chelates has become a widely  used 
separation technique by v i r tue  o f  i t s  s im p l i c i t y ,  speed and wide scope.
I t  is  e a s i l y  applied to the determination o f  trace as well  as major 
components, unlike p rec ip i ta t ion  methods which are complicated by co­
p rec ip i ta t ion .  High s e l e c t i v i t y  can usually be achieved by the se lec t ion  
o f  appropriate extract ion condit ions,  and the separation y i e l d  can be 
increased i f  necessary by successive extract ions .  The s e n s i t i v i t y  o f  
the subsequent metal determination may be increased by extract ion  into 
a small volume o f  the organic phase.
2.2.1 Theoretical aspects
The extract ion o f  metal chelates is  influenced by several fac tors  
including pH, the concentration, d issoc iat ion  constant and par t i t ion  
c o e f f i c i e n t  o f  the organic reagent, the par t i t ion  c o e f f i c i e n t  and
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s t a b i l i t y  o f  the metal che late ,  the nature o f  the solvent and masking 
agents.
The so lvent  extract ion o f  metal chelates can be described genera l ly
n~F
as the react ion o f  a metal ion,  M , with an organic reagent, HA, g iv ing  
an uncharged che late ,  MAn, which is  d is tr ibuted between the two phases 
according to the equation:
M" + + " W o r g  = ( MV o r g  + nH+ ( 2 J )
The equil ibrium constant o f  th is  react ion ,  the extract ion constant K, 
is  defined as:
K l org 1[h+J1"
M  [HA]1 org
K =  ■ -  - ( 2 . 2 )
When conditions are such that intermediate chelate species and hydroxy- 
complexes can be neglected,  and the volumes o f  the two phases are equal,
k i n \
M o r g
where D^ is  the d is t r ibut ion  r a t io  o f  the metal between the two immiscible 
phases. Thus, providing the reagent concentration is  constant, the
i
dis tr ibut ion  o f  the metal is  a function o f  pH. The percentage o f  the 
metal extracted,  E, is  given by:
E = _____ ] ° °  d m
D M +  j a  ( 2 , 4 )
org
where V and are the volumes o f  the aqueous and organic phases 
respec t ive ly .
Converting equation 2.3 to the logarithmic form:
log D m = log K + n log [ ha]  + npH (2 .5 )
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and i t  can be seen that with V = V the metal w i l l  be 50% extracted
vi'-'j vl y
(D^ = 1) a t  a pH defined as plfy which is  given by:
log [ ha]  org (2 .6 )
Thus f o r  curves o f  % extract ion versus pH, which have a sigmoidal form,
i f  the l igand concentration is  constant, pHA is  dependent only on K.
2
The p o s s ib i l i t y  o f  an extract ion separation o f  two or more metals can 
be assessed by consideration o f  the pH^  values. The slope o f  the 
centra l ,  approximately l inear  part o f  the curve is th eo re t i c a l l y  
dependent on the charge o f  the me ta 1 ion, but deviations due to side 
react ions are comnon. In some cases, the % extraction decreases at 
high pH values, usually due to  the formation o f  hydroxycomplexes or 
anionic complexes with the l igand,  decomposition o f  the l igand or a 
decrease.in the equil ibrium concentration o f  the l igand in the organic 
phase.
The dependence o f  extract ion on the reagent concentration in the 
organic phase is  seen in equation 2.5,  higher reagent concentrations 
g iv ing  higher values o f  D .^ From equation 2.6 i t  can be seen that an 
increase in the reagent concentration sh i f t s  the extract ion - pH curve 
to a lower pH, f a c i l i t a t i n g  extract ion  from more ac id ic  solut ions. This 
is  advantageous, pa r t icu la r ly  in the extract ion o f  mult ivalent ions, 
since the hydrolysis  o f  metal ions is  suppressed in ac id ic  solut ion.
The maximum concentration o f  reagent is  l im ited both by s o lu b i l i t y  and 
the subsequent determination o f  the extracted species, since excess o f  
reagent may in t e r f e re .
Equation 2.2 can be rewri t ten as:
K ( 2 . 7 )
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^HA = Pa r t l t l o n  c o e f f i c i e n t  o f  the l igand
Bn = s t a b i l i t y  constant o f  the metal chelate
Kha = d issoc ia t ion  constant o f  the l igand
From equation 2.7 i t  can be seen that  i f  the l igand concentration is  IM
" n 109 K = PRHA + 109 PHA “ F l 0 9 P nPn = PHJ <2 -8>
Equation 2.8 shows that the pH required f o r  extract ion o f  the metal
chelate increases with the value o f  ( p + log and in general
hiigh I<ha and How p ^  values tend to r esu l t  in low pHx values. Also
pH, decreases with increase in 8 and extract ion can be carr ied out 
2  n
from more ac id ic  solut ions. However, since the values o f  3n and p K ^ s 
Pn and pj_|^  are re la ted ,  the influence o f  the 3npn term is complex. For 
a ser ies  o f  c lose ly  re la ted  ligands i t  can be shown that:
^  log en = pl<HA + const . '  (2 .9 )
and ~  log Pn = log PHA + c o n s t . " -  (2 .10)
From equation 2.9 i t  can be seen that 3n increases with decreasing K ^ .  
Equation 2.10 shows that pn increases with increase in P HA, and thus 
an appropriate modif ication o f  an organic reagent, e .g .  substitut ion o f  
a hydrogen atom by an aromatic r ing ,  results  in an increase in p,jA and 
hence pn making complete extract ion  o f  the chelate read i ly  achieved. 
However, by combining equations 2.9 and 2.10,
n 109 pn pn = pKHA + 1og PHA + const- " '  C2 -11) 
For a ser ies  o f  c lose ly  re la ted  organic reagents f o r  which the change in
c o n s t . ' "  is  very small,  i t  can be seen by comparison with equation 2.8
that the change in K or pHa as a resu lt  o f  a var ia t ion  in p^A or K^A is
very s l i g h t .  Thus substantial changes in the extract ion properties o f  an
where pn = p a r t i t i o n  c o e f f i c i e n t  o f  the^m etal c h e la te
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organic reagent are not genera l ly  obtained by the synthesis o f  d e r i va t i v e s .
The nature o f  the organic solvent also influences the d is t r ibu t ion  
o f  both l igand and che la te ,  but since a change in the parameters p^A and 
Pn is  p a r t i a l l y  compensating (equations 2.8, 2.10) the dependence o f  the 
extract ion properties o f  a metal chelate on the solvent is  s l i g h t .  I t  
should, however, be noted that  th is  is  not true in the case o f  coord ina t ive ly  
unsaturated compounds which may undergo so lvat ion.
Masking agents are genera l ly  used to  prevent in ter ference  by other 
ions by p re fe ren t ia l  formation o f  non-extractable complexes which are more 
stable  than those formed with the reagent, and they must not form too stable  
a complex with the ion o f  in t e r e s t .  A lso,  they are added in some cases in 
the ro le  o f  aux i l ia ry  complexing agents to prevent the formation o f  
p re c ip i ta te s ,  such as hydroxides, since the conversion o f  a p rec ip i ta te  
into  an extractable  species may be k in e t i c a l l y  slow.
The k inetics  o f  the extract ion process are in some cases the l im it ing  
fa c to r  in an analy t ica l procedure. Separations may sometimes be obtained 
by v i r tue  o f  the d i f f e r in g  rates o f  extract ion o f  metal chelates. The 
rate  o f  achievement o f  equil ibrium is  dependent on the rate o f  formation 
o f  the extractable  species and the rate o f  trans fe r  to  the organic phase.
The rate o f  t rans fe r  is  genera l ly  very high and the rate o f  attainment o f  
extract ion equil ibrium is  dependent primar ily  on the rate  o f  formation o f  
the metal chelate .  The fac tors  influencing the ra te ,  R, o f  reaching 
equil ibr ium can be discussed q u a l i t a t i v e l y  using the equation:
R = const, [ m]  [ a ] ”  = const, [ m ]  org Y  (2.12)
\ LH J PHA /
The constant depends on the metal chelate  system, i . e .  the nature o f  the 
metal ion and the organic reagent. Although the formation o f  most chelates 
requires only a few minutes or less to  atta in  equi l ibrium, the react ion o f
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strongly  hydrated ions and the formation o f  ine r t  complexes is  slow.
I t  can be seen that a high concentration o f  organic reagent and a high 
pH resu l t  in a f a s t  ra te ,  whereas high values o f  p ^  lead to  slow rates o f  
ex trac t ion .  For re la ted  l igands high values resu l t  in rapid ex trac t ion .  
Since the f r e e  metal ion concentration is  substant ia l ly  reduced in the 
presence o f  masking agents which form very stable complexes with that ion, 
the rate o f  extract ion is  also reduced.
The required s e l e c t i v i t y  o f  an extract ion is dependent on the subsequent 
method o f  determination. I f  the determination is highly  s e l e c t i v e ,  
e . g .  atomic absorption, i t  may be s u f f i c i e n t  to e f f e c t  an ex t rac t ive  group 
separat ion, but f o r  methods with a lower s e l e c t i v i t y ,  e . g .  spectrophotometric 
methods where there is  o ften over lap o f  absorption bands f o r  d i f f e r e n t  
metal complexes o f  the same l igand,  the s e l e c t i v i t y  o f  the extract ion must 
be high. The range o f  metals which form extractable  chelates with a 
reagent i s  genera l ly  l im ited ,  f a c i l i t a t i n g  th e i r  i s o la t io n  from any excess 
o f  other metals, which may be extracted by another reagent i f  necessary. 
S e l e c t i v i t y  can often be increased by modif ication o f  the oxidation states 
o f  the in t e r f e r in g  ions present. A s e l e c t i v e  extract ion o f  a par t icu lar  
metal can also be obtained even in the presence o f  other metals which form 
extractab le  che lates ,  the degree o f  separation being re la ted  to the 
individual values and the pH. Good separations are also obtained in 
some cases at constant pH by repeated extractions with increasing l igand 
concentration. As previously noted, masking agents and d i f fe rences  in 
extract ion rates can also be used to  e f f e c t  the separation o f  some metals.
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2.3.1 Some common extract ing  agents
Although a great  many reagents have been considered in the study 
o f  solvent  extraction o f  metal chela tes,  only a few are commonly used in 
analyt ica l  p ract ice .  These include the B-diketones (which are discussed 
in sect ion 2 .3 .2 ) ,  8-hydroxyquinoline, diphenylthiocarbazone and sodium
13 lh
diethyldithiocarbamate 3 .
8-hydroxyquinoline (ox ine )
8-hydroxyquinoline has a hydrogen atom which is  replaceable by a 
metal and a he terocyc l ic  nitrogen which can complete a five-membered ring
2 .3  EXTRACTING AGENTS
I t  is  a v e r s a t i l e  reagent, react ing with almost every metal to form 
uncharged chela tes,  and extract ion is  general ly  quant ita t ive  and the 
extract ion rate f a s t .  The par t i t ion  c o e f f i c i e n t  o f  8-hydroxyquinoline 
is  a f fec ted  adversely in highly a lka l ine  or ac id ic  media as a resu l t  o f  
i t s  amphoteric nature. In some cases complexes f luoresce  and can be 
determined f lu o r im e t r i c a l l y .  The s e l e c t i v i t y  and s e n s i t i v i t y  o f  the 
reagent can be improved by the substitut ion o f  methyl, sulphonic acid 
or halogen groups in appropriate pos it ions.
II
0
OH
Pi phenylthiocarbazone ( di thi zone) 
Dithizone ex is ts  in two forms:
r  c —  sh
/
N = N
Many heavy metals can replace e i th e r  one or both hydrogen atoms, thus 
forming two d i f f e r e n t  complexes, primary or secondary. The primary 
complexes have a much greater  importance in analyt ica l  chemistry since 
fewer metals form secondary complexes. The l a t t e r  are only formed in 
a lka l ine  media or with a de f ic iency  o f  d ith izone,  and they may be converted 
to primary complexes by treatment with acids or d ith izone.
/
N I 5-membered chelate  ring in a
N j  primary complex
"  M
The par t i t ion  c o e f f i c i e n t s  o f  d ithizone complexes are quite high and 
extract ion is  there fore  slow in some cases. A lso ,  the maximum ligand 
concentration is  l imited by the r e l a t i v e l y  low s o lu b i l i t y  o f  d i th izone.
Sodi um di ethyld i thi ocarbamate
Sodium diethyldithiocarbamate reacts with metal $ which form 
insoluble  sulphides to g ive  complexes with four-membered chelate r ings:
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These may be extracted by a range o f  organic solvents .  The f ree  
acid decomposes in aqueous so lu t ion ,  par t icu la r ly  at low pH. The 
presence o f  masking agents is  genera l ly  necessary to e f f e c t  s e l e c t i v e  
separations o f  metal ions.
2.3.2 p-diketones
In th e i r  eno l ic  form B-diketones have a hydrogen atom replaceable 
by a metal and a ketonic oxygen which can complete a six-membered 
chelate  r ing:
keto enol
Since they enol ise  with ease they are very v e r s a t i l e .
Acetyl acetone
CHo— “ C — CHo—  C —  CHo 3 II 1 (| 3
0 0
Acetyl acetone reacts with more than f i f t y  metal ions to g ive 
complexes o f  s to ich iometr ic  composition and can serve the dual purpose 
o f  chelating agent and extrac t ing  so lvent ,  the high reagent concentration
making extract ion from more ac id ic  solut ion possib le.  The reaction rate
/
i s  f a s t ,  pa r t icu la r ly  when pure acetylacetone is  used, and the chelates 
are very soluble in organic so lvents ,  s tab le ,  and in some cases v o l a t i l e .  
Quantitat ive extract ion i s ,  however, not always achieved.
Benzoyl acetone
- 2 5 -
While the d issoc iat ion  constant o f  benzoyl acetone is  o f  the 
same order as that o f  acetyl acetone, i t s  par t i t ion  c o e f f i c i e n t s  are 
higher and hence quant i ta t ive  extract ion is  obtained. Although 
p a r t i t ion  equil ibrium is  reached in 10 - 30 minutes in most systems, 
in a few cases the rate is  rather slow.
Pi benzoyl methane
\ = /  0 0
The d issoc iat ion  constant o f  dibenzoylmethane is  also o f  the 
same order as that o f  acetyl acetone but there is  a further  increase 
in the par t i t ion  c o e f f i c i e n t s .  In some cases attainment o f  equil ibrium 
is  r e l a t i v e l y  f a s t  but widespread use o f  th is  reagent is  hindered by 
the genera l ly  slow rate o f  establishment o f  extract ion equil ibrium.
13 15
Table 2.1 Summary o f  extract ion data f o r  some g-diketones 5
Ligand pKHA l ° g  PHA 
(CHClg/water]
% extract ion equ i l ib ra t ion
time
acety l acetone 8.9a , b 
12.70
1.4 not always 
quant i ta t ive
fa s t
benzoyl acetone 8.7a , b 
12.85°
2.4 usually
quanti ta t ive
10-30 minutes
dibenzoylmethane 9.35a , , 
13.75°
5.4 usually
quanti ta t ive
in some cases 
minutes, 
generally  hours
a Presumed to be measured in water
b Measured in 75% dioxan 25% water at 30°C
Other g -d ike to nes
Tri f luoroacety lacetone  and thenoyltr i f luoroacetone have found some 
appl icat ion .  Since the a c id i t y  o f  the enol form is  high due to the 
tr i f luoromethyl  group, metals can be extracted from more ac id ic  solut ions 
than with other g-diketones.
2.3.3 Monothio-g-diketones
In spite  o f  the large number o f  reagents ava i lab le  f o r  the solvent 
extract ion o f  metal chela tes,  the search f o r  new l igands and th e i r  
application to analyt ica l  problems continues. In the m id -W O 's  the 
monothio der iva t ives  o f  several g-diketones were prepared and the l igands
16 17
and th e i r  metal complexes have been reviewed 5 . Their  appl ication as 
chelating and ex t rac t iv e  photometric reagents has received some at ten t ion ,  
since the properties o f  th e i r  metal chelates are in many instances 
considerably d i f f e r e n t  from those o f  the complexes formed by the parent 
g-diketone. The monothio-g-diketones are stronger acids than the parent 
g-diketone and th e i r  chelates can ea s i l y  be extracted from more ac id ic  
so lut ions.  However, some metals, pa r t icu la r ly  the la te  t rans i t ion  
and Cl ass(b) metals, e . g .  b iva lent  n icke l ,  cadmium, zinc and lead, form 
more stable complexes with the th ioder iva t ives  than with the analogous 
g-diketone. The formation o f  complexes with some metal ions, 
pa r t icu la r ly  those having high oxidation s ta tes ,  is  hindered by oxidation 
o f  the monothio-g-diketone to  the disulphide. In some cases react ion 
with a metal in a low oxidation s tate  causes reduction o f  some o f  the 
l igand and formation o f  a metal complex o f  a higher oxidat ion s ta te ;  
thus d iva lent  cobalt is  extracted as the t r i v a l e n t  chelate with monothio- 
g-di ketones.
The best known monothio-3*-di ketone in th is  f i e l d ,  th io th en oy l t r i -  
f luoroacetone,  read i ly  forms chelates with b iva lent  metals which are
ik
genera l ly  stable  and intensely  coloured . Thiodibenzoylmethane has 
been studied as an extract ing  agent more recent ly :
- 2 7 -
Although the par t i t ion  c o e f f i c i e n t s  f o r  thiodibenzoylmethane were
18
found to be high ( l o g  PHA f o r  chloroform = 6 . 3  ) ,  the high d issoc iat ion
18 19
constant (pl<HA a, 6.3 (water ) , 11.14 (75% dioxan 25% water) ) would 
be expected to resu l t  in a considerably fa s te r  rate o f  extract ion f o r  
the chelates o f  th is  l igand than those o f  dibenzoylmethane.
The f i r s t  application o f  thiodibenzoylmethane as an extract ing
and spectrophotometric reagent was to the extract ion o f  cobalt ,  nickel
18
and copper , and th is  inves t iga t ion  was extended to  the determination 
o f  coba lt2? copper2? and nickel and cobalt2? and l a t e r  applied to  the 
determination o f  cobalt in iron a l loys  and organic mater ia ls2? The 
reagent has also been used f o r  the determination o f  thall ium and mercury2? 
cadmium2? iron ( I I ) 2? s i l v e r 2? bismuth2? s i l v e r ,  go ld ,  palladium and 
platinum2? and zinc and bismuth3?
CHAPTER 3
CHROMATOGRAPHIC METHODS FOR METAL ANALYSIS
3.1 INTRODUCTION
Chromatography was f i r s t  recognised as an e f f i c i e n t  method o f  
separation by the Russian botanist Michel Tswett in 190331 In his 
c la ss ic  experiments he used a pr im it ive  form o f  l i q u id -s o l id  
chromatography to i s o la t e  various plant pigments using over 100 
d i f f e r e n t  adsorbents. L i t t l e  further  work was carr ied out unti l  1931
32
when Kuhn and Lederer repeated some o f  Tswett 's  experiments, and in
the la te  1930's e lution chromatography was f i r s t  e f f e c t i v e l y  employed 
3 3
by Reichstein . Chromatography was f i r s t  applied in inorganic chemistry
34
in 1937 by Schwab and Dockers who separated cations on an alumina 
column. However, the f i r s t  real stimulus to the inves t iga t ion  o f  a l l  
forms o f  chromatography and the development o f  the modern instrumental,  
high e f f i c i e n c y  methods which are in use today, occurred in 1941 when
35
Martin and Synge published th e i r  remarkably far -s ighted  paper. They 
introduced a method o f  performing separations by l i q u id - l iq u id  par t i t ion  
chromatography, and proposed a theoret ica l  treatment o f  the process 
involved in a separation, defin ing the height equivalent to a theore t ica l  
p la te ,  HETP, by analogy with d i s t i l l a t i o n  theory. They also made two 
important pred ict ions;  f i r s t l y  that "the moving phase could with 
advantage be replaced by a gas",  and secondly that "the smallest HETP 
should be obtained using very small pa r t i c l e  s izes  and a high pressure
- 2 9 -
d i f fe rence  across the length o f  the column". The f i r s t  statement
36
was rea l ised  in 1952 when James and Martin published th e i r  h is to r i c  
paper descr ibing the f i r s t  gas chromatograph, and the second since 
the mid-1960's with the development o f  high performance l iqu id
35
chromatography. The work o f  Martin and Synge and Consden, Gordon and
37
Martin in the development o f  par t i t ion  chromatography led to i t s  
acceptance, in par t icu lar  in the paper chromatography mode, as a routine
38
laboratory method. In the la te  1950's, as a resu lt  o f  S tahl 's  
systematic inves t iga t ion  o f  adsorbents, standardisation o f  th in - layer  
preparation, and development o f  the necessary equipment, th in - layer  
chromatography began to develop and has now become one o f  the most widely 
applied forms o f  chromatography as a resu lt  o f  i t s  convenience and 
s im p l ic i ty .
The various forms o f  chromatography have been extens ive ly  used in 
metal analys is ,  and chelating agents have found several applicat ions 
in th is  f i e l d .  They can be used e i the r  to  form metal chelates before 
or during chromatography, or to f a c i l i t a t e  detection a f t e r  the separation 
process. In the f i r s t  case the choice o f  chelat ing agent is  based 
primarily  on the extract ion character is t ics  o f  the metal-l igand system, 
and in the second case on f luorescence or colour formation upon 
chelation.  The chromatography o f  metal chelates occupies a unique 
posit ion in the f i e l d  o f  metal analysis since the s e l e c t i v i t y  o f  chelate 
formation and solvent  ex trac t ion ,  incorporating concentration o f  the 
sample i f  required, can be combined with chromatographic separation o f  
excess l igand and complexes formed under the same conditions.
The t rad i t iona l  l iqu id  chromatographic procedures ( c la ss ica l  
column chromatography, paper chromatography and th in - layer  chromatography) 
together  with gas chromatography and th e i r  appl ication to metal analys is .
-30-
are discussed in th is chapter, and high performance l iqu id  chromato­
graphy is  discussed in de ta i l  in Chapter 4.
3.2 LIQUID CHROMATOGRAPHY
3.2.1 Classical  column chromatography
Classical column chromatography is  a wel l -estab l ished  separation 
method. T yp ica l ly ,  a column o f  about \ in. diameter is  f i l l e d  with 
packing material such as s i l i c a  gel or alumina with a p a r t i c l e  diameter 
o f  about 100-150 ym, or ion-exchange res in .  The mobile phase f lows 
slowly through the column by means o f  g rav i ty ,  and samples are co l lec ted  
in f ra c t ions .  Detection and quantita tion are achieved by the manual 
analysis  o f  individual f ra c t ions .
This method has been used extens ive ly  in the separation o f  m eta l l i c  
species and has the advantage over the other methods ava i lab le  o f  
al lowing the separation o f  r e l a t i v e l y  large samples. In te res t  has
39
centered predominantly on separations using the ion-exchange mode . 
Although some separations are possible  as a resu l t  o f  the simple 
in teract ion  o f  the ion-exchanger and the metal ion so lut ion,  unless the 
metal ions d i f f e r  substant ia l ly  in exchange a b i l i t y ,  as determined 
c h i e f l y  by the ion ic  charge and s i z e ,  the use o f  complexing agents to 
confer  added s e l e c t i v i t y  is  necessary. By the use o f  a suitable 
chelating agent in the e luent,  metal ions may be s e l e c t i v e l y  masked and 
separation enhanced. Ion-exchangers may also be saturated with complex- 
forming ions. In th is case the s e l e c t i v i t y  o f  the exchanger f o r  metal 
ions is  determined primar ily  by the properties o f  the complex-forming 
species ,  whereas in the conventional system the exchange a b i l i t y  is  
most influenced by the properties  o f  the metal ions. Ion-exchangers 
saturated with complexing agents have the disadvantage that displacement
- 3 1 -
o f  the complexing agent can occur i f  the eluent contains a high 
concentration o f  an ion o f  high exchange a b i l i t y .  In order to over­
come th is  problem chelat ing exchangers have been prepared where the 
chelating group is  incorporated in the structure o f  the res in.
The separation o f  metal chelates has been carried out on columns 
o f  both s i l i c a  and alumina adsorbents, but other methods incorporate 
chelate formation during the chromatographic process. A so l id  
chelating agent can be used as an adsorbent, alone or mixed with an 
iner t  support mater ia l.  Metal ions in the solut ion moving through the 
column are successively  prec ip i ta ted  as insoluble metal chelates in 
the sequence o f  increasing s o lu b i l i t y .  I f  coloured complexes are 
formed the pos it ion o f  the bands can be used f o r  qua l i ta t i v e  analysis 
and the length o f  zones used to estimate the amount o f  a component 
i so la ted .  In a s im i lar  technique an in e r t ,  hydrophobic support holds 
a l iqu id  chelat ing agent or a solut ion o f  a chelat ing agent in an 
organic solvent.  The sample is  applied in aqueous solut ion and eluted 
with an appropriate aqueous eluent.  The resu l t  o f  th is  type o f  
chromatography is  s im i lar  to repeated extract ion ,  and i t  can be used 
with advantage f o r  the separation o f  metals with very  s im i lar  chemical 
properties and allows the use o f  phases which would y i e ld  emulsions on 
shaking. This technique can be extended to  the concentration o f  trace 
quanti t ies  o f  metals by passing a large volume o f  the sample solut ion 
through the column. An enriched solut ion can then be obtained by 
e lut ion with an appropriate so lvent ,  or the metals can be determined 
d i r e c t l y  on the so l id  substrate,  e . g .  by X-ray f luorescence.
Some examples o f  the appl icat ion o f  c lass ica l  l iqu id  column 
chromatography to metal analysis  are given ir. Table 3.1.
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The disadvantages o f  c lass ica l  column chromatography are the 
low column e f f i c i e n c i e s  and long separation times genera l ly  obtained. 
Since typ ica l  separations require several hours, f ra c t ion  co l l e c t ion  
and analysis is  tedious and time consuming, and the result ing  
chromatogram, a bar graph o f  sample concentration versus f ract ion  
number, is  not very e legant.  Columns are general ly  used only once 
and discarded so that the column packing procedure must be repeated 
f o r  each separation, and th is  represents an expense o f  manpower and 
mater ia l .  Sample application is  also time-consuming.
3.2.2 Paper chromatography
Paper chromatography is  a form o f  l i q u id - l i q u id  par t i t ion  
chromatography in which the moisture in the paper genera l ly  serves as 
the stationary phase. A solut ion o f  the sample ( t y p i c a l l y  a few 
yg in a few yl o f  so lvent )  i s  applied near the edge o f  a paper s t r ip  
or sheet as a spot or a streak, the solvent evaporated, and the edge 
o f  the paper dipped into  the e luent.  I f  sample components are not 
e a s i l y  located by means o f  th e i r  colour,  f luorescence,  UV or IR 
absorbance or r a d io a c t i v i t y ,  locat ing  agents can be applied by spraying, 
immersing or exposing the papers to  vapours. An advantage o f  chromato­
graphy on a plane sur face, as in paper chromatography, rather than on 
a column is the p o s s ib i l i t y  o f  two-dimensional operation with result ing  
additional s e l e c t i v i t y .  However, development times are usually long, 
zones are somewhat d i f fu se  and rep roduc ib i l i t y  is  r e l a t i v e l y  poor due 
to  var ia t ion  in the papers, and paper chromatography has la rge ly  been 
replaced by th in - layer  chromatography.
Paper chromatography has been extens ive ly  applied to  the separation 
o f  metal ions. The l i t e ra tu r e  has been reviewed and includes methods
-34-
f o r  the separation o f  most metal ions . Most methods involve  the 
formation o f  complexes with inorganic l igands, e .g .  chloro complexes, 
during chromatography, but various separations have been described f o r  
systems based on organic che lating agents. Enhanced separations o f  
metal ions have been achieved by using chelating agents to impregnate 
the paper and as a constituent o f  the eluent. The formation o f  metal 
complexes, par t icu la r ly  coloured ones, p r io r  to chromatography has 
resulted in many good separations and some examples are given in Table 3.2.
3.2.3 Thin-layer chromatography (TLC)
TLC is  very s imi lar  to paper chromatography, a thin layer  o f  
f i n e l y  divided adsorbent such as s i l i c a  or alumina supported on a 
glass or p las t ic  p late  replacing the paper. The technique is  rather 
more sens i t ive  than paper chromatography, and the use o f  1 pi samples 
containing about .01 yg o f  material is  not uncommon. TLC is  also 
more v e rsa t i l e  than paper chromatography, since a wider range o f  
stationary phases and solvents can be used, and is both fa s t e r  and more 
reproducible. Because o f  i t s  speed and s imp l ic i ty  i t  i s  often used to 
f o l low  the course o f  reactions and to  monitor more complex separation, 
techniques.
The development o f  paper and th in- layer  chromatography g rea t ly  
s imp l i f ied  l iqu id  chromatography and made i t  more convenient; TLC 
par t icu la r ly  resulted in more e f f i c i e n t  separations than c lass ica l  
column methods in much less time ( le ss  than an hour versus several 
hours). However these open-bed methods s t i l l  have l im ita t ions ;  
quantitat ion and automation are d i f f i c u l t  and reproduc ib i l i ty  is  not 
always good; separation times and e f f i c i e n c i e s  are not always as 
good as in gas chromatography; applicat ion to preparative separation
48
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is  l imited by the small sample capacity (maximum sample s ize  o f  a few 
mg). Nevertheless the open-bed methods, par t icu la r ly  TLC, f ind  very 
wide applicat ion.
61
Although an ear ly  paper by Meinhard and Hall described the 
separation o f  Fe ( I I I )  and Zn ( I I )  demonstrating the potential  o f  TLC 
in metal analys is , in i t s  ear ly  years TLC was used mainly to separate 
organic compounds. In the mid-1960's, however, the lack o f  data on 
inorganic analysis became apparent to many workers and information on 
suitable  combinations o f  stationary and mobile phases f o r  the separation
48 a62
o f  most inorganic compounds is  now ava i lab le  a . The quant ita t ive  
determination o f  metals by TLC requires further development; f o r  
example l i t t l e  at tention has been paid to the influence on separation 
e f f i c i e n c y  o f  the concentration ra t io  o f  sample components, and the 
sample composition. Also the methods used in quant ita t ive  determinations, 
e .g .  densitometric determinations, spot s ize  measurements and photometric 
determination a f t e r  e lut ion from the p la te ,  require further  development, 
although this may not be economical in terms o f  equipment or e f f o r t  in 
view o f  the r e l a t i v e l y  high detect ion l im it  (.01 - 1 yg range) o f  the 
technique as compared with high performance l iqu id  chromatography.
Chelating agents have found the same application in TLC as in 
paper chromatography, i . e .  as detect ing agents, f o r  impregnating layers 
and as constituents o f  e luents ,  as well  as f o r  the formation o f  metal 
complexes pr io r  to  chromatography. Some examples o f  TLC studies o f  
metal complexes are given in Table 3.3. The metal complexes which 
have been most frequently  studied by TLC are those o f  the most commonly 
used chelat ing agents in metal analys is ,  e .g .  B-diketones, d ith izone,  
8-hydroxyquinoline and sodium diethyldithiocarbamate. The dithizone 
chelates studied were apparently stable  and th e i r  TLC separation was
- 3 7 -
Table 3.3 Examples of TLC studies of ntetal chelates
Complexing agent Metals studied Thin layer Developing solvent Further de ta i l s Ref.
acetylacetone Co, Mn, N i , Cu, 
Cr, Fe
S i l ic a
Alumina
benzene, chloroform, 
ether , 1-butanol,  
methanol, benzene/ether, 
benzene/ether/acetyl- 
acetone
benzene/ether, benzene/ 
ether/acetyl acetone
In most cases e ither  no move­
ment or streaking was 
observed
‘ 63
2 -thenoy ltr  i f 1uoro- 
acetone
Ni ,  Co, Mn, Cu, 
Fe, Ce, Th, U
S i l ic a hydrocarbon solvents spots moved with t a i l i n g ;  
addit ion o f  a ketone to 
the eluent prevented 
t a i l i n g
64
n
C-CH9-C-CF,
of 2 S 3
acetyl acetone 
benzoyl acetone 
2 -th en oy lt r i f lu o ro -  
acetone
benzoyl t r i f l  uoro-  
acetone
Co, Cr, Fe 
( t r i v a le n t )
Si 1i ca carbon tetrachloride,  
toluene, benzene, 
dichloromethane, ether
Fe complexes e ither  did  
not move or streaked except  
in ether when a l l  except 
the acetylacetone complex 
gave good spots.
Cr and Co complexes gave 
good spots in a l l  e luents;  
separation of isomers o f  
complexes with benzoyl-  
acetone obtained in some 
cases
65
thiothenoyltri  f 1uoro- 
acetone
Co, N i ,  Cu, Zn, 
Hg, Pb, Cd
S i l ic a A range o f  solvents Generally , Rp Ni > Cu > Co 
> Hg > ligand, Pb > Zn > Cd
66
In some solvents spots 
disappeared, p a r t icu la r ly  
Pb and Cd chelates in 
cyclohexanol, MEK and ether
, .
C-CH,-C-CFo 
{  2 j  3
Co, N i ,  Cu, Pd, 
Ru
S i l i c a chloroform/hexane Rp ligand > Ni > Cu > Co 
Rp ligand > Pd > Ru
67
thiodibenzoylmethane Zn, Hg, Rh, Pd Alumina
chloroform, carbon tet ra ­
chlor ide ,  carbon d isu l ­
phide, benzene and 
n-hexane mixtures
genera l ly ,  Rp Rh > Pd > Hg 
> Zn, ligand
68
acety l th io -
acetan il ide
0 $
Co, N i ,  Zn, Cd Alumina chloroform and mixtures 
o f  chloroform with other  
solvents
genera lly  Rp Cd > N1 > Co 
> Zn > ligand
68
d ie thy ld i th io  - 
carbamate ion
Hg, Pb, Cu, B i , 
Cd
S i l ic a hexane/chloroform/ 
diethylamine
Rp Hg > Cu > Cd > Bi > Pb(0 ) 69
Ag, Hg, Cu, Pb, 
Pd, B i ,  Th, Co, 
N i ,  Cr, U
S i l ic a benzene, toluene or
chloroform/carbon
tetrachloride
Rp Ni > Cr > Cu > U02 (0 )  
RP Cu > Hg > Pd > Th > Pb 
> Bi > Ag (0 )
70
Ag, As, B i ,  Cd, 
Co, Cr, Cu, Fe, 
Hg, In , Mn, N i ,  
Pb, Pd, Sb, Sn, 
T l ,  Te, V, Zn
S i l i c a  and 
alumina
wide range of solvents t a i l in g  observed fo r  Cd, Cu, 
Fe, Pb, Pd, Sb, Tl and Zn 
chelates in some cases
71
Cu, N i ,  Co, Bi S i l i c a dichloromethane and 
petroleum ether or 
cyclohexane
Rp Cu > Ni > Co > Bi 72
d isubst ituted
dithiocarbamate
ions
Zn, Cd, Cu, Pb, 
B i , Fe, Co, Hi
S i l i c a  and 
alumina
range o f  solvents t a i l in g  observed fo r  Pb and 
Zn chelates
73
..............
-38-
Table 3.3 Continued
Cornplexing agent Metals studied Thin layer Developing solvent Further details Ref.
dithizone (diphenyl- 
thiocarbazone)
Cu, Zn, Co, Cd, 
Bi, Pb
Cu, Hg, Cd, Pb; 
Zn, Mn, Ni, Co
Silica/
diatomaceous
earth
Si 1 i ca
benzene/di chioro- 
methane/heptane
dichloromethane/ 
carbon tetrachloride, 
toluene, xylene or 
benzene
Rp Zn > Cu > Ni > Co > Pb
> Bi > Cd
Rp Hg > Zn > Mn > Cu > Co
> Pb > Ni > Cd
74
75
8-hydroxyquinoline 
(oxine)
Al, Sn, Zn, Zr, 
Be, La, Ba, Mg, 
Cd, Ca, Sr
Al, Co, Cu, Cr, 
Fe, Mn, Ni, Zn
Silica and 
polyamide
Silica
carbowax- 
coated silica
propionic and acetic acid/ 
water or acid/alcohol/ 
water mixtures
chloroform/ethanol :
di chioromethane/hexane 
or diisopropyl ether/ 
chloroform
Separations obtained; Al,
Zn, Zr; Zn, Be, La, Ba;
Mg, Cd, Be, Ca, Sr;
Zn, Mg, Cd
decomposition noted for 
Mn, Fe, Zn, Ni, Al chelates; 
several spots for Co and Cr 
chelates; Ni chelate did not 
move. Stability increased by 
adding ligand to eluent.
All complexes decomposed
76
77 , 
77
EDTA Co, Cu, Ni, Mn, 
Cr, Fe
Silica water/2-methoxyethanol/ 
methyl ethyl ketone/ 
acetone/aqueous ammonia
Rp Co > Cu > Ni > Mn > Cr > Fe 78
potassium ethyl 
xanthate
(c2h5-o-c5J!)gk®
diphenylthiovioluric 
acid
Cu, Co, Ni, Mo, 
Bi, Pb, Zn
Ni, Cc, Cu, Fe, 
Ru, Pt, Pd
Silica
Silica
carbon tetrachloride/ 
chloroform or toluene/ 
benzene
chloroform/acetone, 
chloroform/methyliso- 
butyl ketone/benzene
Rp Ni > Co > Mo > Bi > Pb 
> Zn > Cu (0 ). Zn spot very 
tailing
Rp Cu > Co > Fe > Ni(0),
Rp Pd > Pt > Ru
73 : 
88
Rhodamine B in HCI 
solution
Au, Fe, Sb, Ga Cellulose,
silica
benzene/ether/HCl, 
ethanol
tailing observed for Fe, Sb, 
Ga chelates.
Rp Au > Fe, Sb, Ga
81
1, 2-diacetylbisthio- 
benzhydrazones
Hg, Pb, Zn, Cd alumina; 
polyamide and 
kieselguhr
methyl ethyl ketone Rp Hg > Pb > Zn > Cd on 
alumina; tailing of all 
chelates on polyamide and 
keiselguhr
C2
glyoxalbis-(4-bi­
phenyl )-thiosemi - 
carbazone
Zn, Cd, Hg, Pb, 
Cu
alumina ethyl acetate Rp Hg > Cu > Cd > Zn, Pb(0) 
possible decomposition of Pb 
chelate
33
- 3 9 -
applied to  the detect ion o f  t o x ic  metals in autopsy tissue , but 
some evidence o f  decomposition f o r  some metals was found in studies 
o f  the chelates o f  most other l igands. A review o f  TLC studies o f  
metal chelates does not reveal any trend with regard to  decomposition 
behaviour; i t  i s  apparently independent o f  metal, complex s tab i l i ty . ,  
nature and number o f  donor atoms o f  the chelate and the adsorbent.
3.3 GAS CHROMATOGRAPHY (GC)
Gas chromatography accomplishes a separation by par t i t ion ing  a 
vaporised sample between a mobile gas phase and e i th e r  a thin layer  o f  
a non-vo la t i le  l iqu id  held on a so l id  support (gas - l iqu id  chromatography, 
GLC) or ,  occas ional ly ,  a so l id  adsorbent (gas -so l id  chromatography, GSC). 
Separations are very f a s t ,  e f f i c i e n t  and eas i l y  automated. A range 
o f  detectors is  ava i lab le ,  incorporating d i f f e r in g  degrees o f  s e n s i t i v i t y  
and s e l e c t i v i t y  to par t icu lar  groups o f  compounds, and temperature 
programming f a c i l i t a t e s  the separation o f  compounds with widely d i f f e r e n t  
bo i l in g  points. Although GC has found widespread appl icat ion ,  many 
samples are e i the r  in s u f f i c i e n t l y  v o l a t i l e  or thermally unstable and 
cannot provide der iva t ives  with suitable  charac ter is t ics  f o r  GC analys is .
In the f i r s t  decade o f  gas chromatographic h is to ry ,  very few 
inorganic separations were studied although extremely rapid progress 
was made in the organic f i e l d .  This may be attr ibuted to  the genera l ly  
low v o l a t i l i t y  o f  inorganic mater ia ls.  Several types o f  m eta l l ic  
compounds are, however, s u f f i c i e n t l y  v o l a t i l e  f o r  GC, analys is ,  and 
studies involv ing v o l a t i l e  metals, metal ha lides,  metal hydrides and 
organic der iva t ives  other than che lates ,  such as alkyl or aryl d e r i va t i v e s ,
84 85
metallocenes and metal carbonyls, have been reviewed .’ In general
75
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these types o f  compound are not suitable  f o r  the appl ication o f  GC 
to metal analysis because they are d i f f i c u l t  to prepare in quanti ta t ive  
y i e ld s  and many are susceptible to  hydro lysis.  Metal chela tes,  however, 
can be prepared to include almost any m eta l l ic  element and are read i ly  
formed in quant ita t ive  y i e ld s .  Furthermore, the p o s s ib i l i t i e s  o f  
solvent extraction in conjunction with GC o f f e r  added s e l e c t i v i t y .
Of the chelating agents, the p-diketones and th e i r  f luor inated 
der iva t ives  i n i t i a l l y  received most at tention due to the high v o l a t i l i t y  
and r e l a t i v e l y  good thermal s t a b i l i t y  o f  th e i r  metal compounds. In 
much o f  the ear ly  work, however, tes ts  f o r  sample decomposition were
8# 85
not carried out and many ambiguities appear in the l i t e ra tu r e  * . The 
acetylacetonates were not found to be s u f f i c i e n t l y  v o l a t i l e  and stable 
to  be broadly useful in metal analys is ,  but found appl ication in the,
85
determination o f  Be, Al and Cr . The use o f  the more v o l a t i l e  t r i -  
and hexaf luoroacety lacetonates, while f a c i l i t a t i n g  qua l i ta t i v e  
invest igat ions  o f  a wider range o f  metals, has only led to  the 
quant i ta t ive  determination o f  Be, Al and Cr and a few other t r i v a l e n t
85
metals e .g .  Sc, Fe, Rh, Co and Ru . Tr i f luoroacety lacetone has found
86 87
application in the analysis o f  Cr in serum , Cr in iron a l loys  , Be in
88 89
b io log ica l  l iqu ids  , traces o f  Al in uranium , and in the analysis o f
90-2
pi cogram leve ls  o f  Be and Cr in b io log ica l  samples and lunar rocks
93
and dust . Studies devoted to  the GC o f  hexafluoroacetylacetonates 
have remained less numerous due to  the undesirable reaction o f  the 
l igand with water.
Various other p-diketone der iva t ives  have been considered in an 
attempt to extend the range o f  application o f  the technique. D ip iva loy l -  
methane chelates o f  Sc, Y and rare earths and t r i f lu o r o a c e t y lp i v a l o y l -  
methane chelates o f  Sc and rare earths were studied and useful separations
-41-
obtained, but in general peak symmetry and column e f f i c i e n c y  were not
85
good, peak t a i l i n g  being very marked . Heptafluorodimethyloctanedione
94
has found applicat ion in the analysis o f  Co in vitamin B-12 , and 
the complexes o f  a range o f  metals, including uranium, have been
85
successfully  eluted . Diisobutyrylmethane complexes have also been
85
studied .
While complexes o f  3-diketones and th e i r  f luor inated analogs
proved valuable f o r  the determination o f  several t r i v a l e n t  metal ions,
the ease o f  so lva t ion ,  polymerisation and oxidation o f  the d iva lent
che la tes95contributed to  the f a i lu r e  to  develop quanti ta t ive  methods
fo r  d iva lent  metals, except Be. Recent work in th is f i e l d  has been
directed towards the inves t iga t ion  o f  chelate systems suitable  f o r  the
determination o f  d iva lent  metals. GC o f  monothio-e-diketones showed
96-9
considerable analyt ica l  potential; f o r  a number o f  metals, notably
-11
Ni ( I I )  which could be detected down to 5 x 10 g as i t s  monothiotri- 
•f luoroacetylacetonate. In genera l,  however, these complexes were 
not as ine r t  with respect to  thermal and on-column decomposition as 
des irab le .  Bidentate and tetradentate 3~ketoamines have also found 
application f o r  some d iva lent  metals, e . g .  Cu, N i , Pd and P t 100. 102 
GC character is t ics  o f  Cu and Ni chelates o f  3 -ketoamines derived from
±0 3
acetyl acetone and sal icyla ldehyde were studied , but decomposition 
was noted below the 10 yg leve l  . Cu and Ni tetradentate f luor inateds
3-ketoamine chelates have been determined using e lectron  capture
104
detect ion at the pg leve l  . The new, highly in e r t ,  GC supports and
improved methods o f  s i lan isa t ion  and deactivat ion have increased the
potential  f o r  analysis o f  previously unsuitable chelates by GC. This
type o f  support has been used, f o r  example, f o r  the analysis o f  Cu and
Ni in b i o l o g i c a l l y  derived samples as chelates o f  some f luor inated
±05
tetradentate  B-ketoamines , the analysis o f  d iva lent  Cu, Ni and Pd as
th e i r  non-f luorinated tetradentate p-ketoamine chelates , and the
107
analysis o f  sa l icy la ld imine chelates o f  Cu, Ni and Zn
The GC behaviour o f  several mixed l igand chelates has been studied,
including the mixed l igand chelates o f  thenoyltr i f luoroacetone
and diethyl amine o f  d iva lent  Co, Cu and N i , poor peak shapes and
108-9
resolution being noted . Zinc p iva loy l t r i f luoroace tonate  adducts
n o
with t r ibu ty l  phosphate and tributylphosphine oxide , and dibutyl
sulphoxide adducts o f  f luor inated  p-diketone chelates o f  d iva lent  N i ,
111 112 
Co and Fe and U (V I )  and Th ( IV )  were inves t iga ted ,  but quant i ta t ive
determination was not possible below the yg l e v e l .
Other chelate systems which have been studied by GC include the
113
metal dithiocarbamates. Ni ( I I )  dialkyldithiocarbamates and Ni and
l l #
Zn diethyldithiocarbamates have been separated in invest igat ions  o f  
the application o f  GC to the analysis o f  dithiocarbamates. Inorganic, 
mono- and dimethyl arsenic have been determined as the d ie th y ld i th io -
115
carbamates ,and i t  was noted that per iod ic  (weekly or biweekly) extensive
s i lan isa t ion  o f  the packing was essentia l  to maintain good chromatographic
behaviour, and some decomposition s t i l l  occurred at low concentrations.
Divalent N i , Pd, P t ,  Zn, Cd, Cu, Pb, Hg and Co diethyldithiocarbamates
were eluted success fu l ly ,  and separations o f  Zn, Cd and Pb, and Zn, N i ,
116
Pd and Pt were demonstrated . Exhaustive s i lan isa t ion  was again found 
to  be imperative f o r  good chromatographic behaviour, but no d e ta i l s  o f  
s t a b i l i t y  at low concentrations were given. Divalent Zn, N i , Pd and 
Pt and t r i v a l e n t  Rh and Cr have been successfully  chromatographed as
117
th e i r  dia lkyldith iophosphates; no e lut ion  was obtained on untreated 
or s i lan ised  diatomaceous supports, and s i lanised glass microbeads 
were used.
- 4 2 -
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Recently, the GC o f  some metal chelates with the c a r r i e r  gas
118 **’ 9
containing l igand vapour has been carried out with some success ,
and th is technique may suppress decomposition o f  the metal chelates in
some systems and increase s e l e c t i v i t y .  The combination o f  chelate
formation, TLC and GC has permitted the quant ita t ive  determination o f
some metals in the ng range, pa r t icu la r ly  Ni and Ru. In th is method
120
metal chelates o f  polychlorinated l igands e .g .  xanthates , a thiosemi-
121 122 
carbazide , and dithiocarbamates were formed and separated by TLC.
The zone o f  in t e re s t  was then extracted from the adsorbent and subjected
to  GC analys is .  At a suitable  temperature the chelates pyrolysed
momentarily and reproducibly and the chlorinated products were u t i l i s e d
f o r  determination o f  the metals by e lectron capture detect ion.
Metal chelates are e a s i l y  detected by flame ion isa t ion ,  flame 
photometry and thermal conductivi ty  detectors.  However, one o f  the 
reasons f o r  the in te res t  in the analysis o f  these compounds by GC is  
the p o s s ib i l i t y  o f  th e i r  detect ion in very low concentrations by means 
o f  the e lectron capture detector .  This is  also responsible f o r  the 
increase in appl ication o f  halogenated chelates,  since the s e n s i t i v i t y  
o f  e lectron  capture detect ion is  enhanced by the incorporation o f  
halogen atoms into  an already strongly  e lectron-capturing ring system.
I f  decomposition at low concentrations is  avoided i t  is  possible to 
determine pg l e v e ls  o f  metal,  but in most reported studies e i ther  
chelate s t a b i l i t y  was inadequate or the column packing in s u f f i c i e n t l y  
in e r t  to al low determination at th is  l e v e l .
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T ab le  3 .4  Examples o f  metal c h e la te s  in v e s t ig a te d  by GC
Chelating agent Metals Ref.
CH9-C-CH9-C-CH9 
8  * 8  3
CF9-C-CH9-C-CH9 
3 II 2 H 3 
0 0
CH. ?H3
C H ,-C -C -C H ,-g -C -C H , 3 I a 2 ,< I 3
CHj 0 CH3
?H3
CF3 -C -CH2- j j - C - CH3
0 CH.
CH.
CF9-CF9-CF9-C-CH9-C-C-CHQ 
3 2 2 || 2 || r 3
0 0 ch3
ch3 ^,ch3
^CH -c-CH 9~ c - o t
<  H z 8 CH.
CH9-C-CH9-C-CHo 
0 s
R-C-CH9-C-R'
H 2 11 
0 NH
R-C-CH9—C-R1 
11 2 ii
0 N-CHR’ '-CHR' '-N
c 2H ^  ©
N-Cv 
/  NS
c2h5 x s
■R 0  \  ^ - s "  ©
/  p' t o
RO N'S
R'-C-CH,-C-Rll 2 Tl
acetyl acetone
t r i f l u o r o a c e t y l - 
acetone
dipivaloylmethan;
t r i f l u o r o a c e t y lp i - 
valoylmethane
heptafluorodimethyl 
octanedione
d i isobu ty ry l - 
methane
monothioacetyl
acetone
bidentate 
p-ketoamines
tetradentate
p-ketoamines
diethy ld i th iocar-  
bamate ion
di alkyld-ithio- 
phosphates
Be, A l j  Cr
Be, A l ,  Cr, 
Sc, Fe, Rh, 
Co, Ru
Sc, Y, rare 
earths
Sc, rare 
earths
Co
Be, A l , Cr
Fe, Ni
Ni, Zn, Co
Pd
Cu, Ni, Pd
Pt
Cu, Ni, Pd
Ni , Pd, Pt
Zn, Cd, Cu
Pb, Hg, Co
As
Zn, Ni. Pd
Pt , Rh, Cr
85
85
85
85
9#
85
96
100 -  
102
102 
10#* 
106
116
117
CHAPTER 4
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)
4.1 INTRODUCTION
Although the potentia l o f  column chromatography using small 
pa r t ic les  and a high pressure d i f fe rence  across the length o f  the
35
column was noted in 1941 , no s i g n i f i c a n t  improvements were made 
unti l  the mid-1960's. The theory o f  GC which had evolved by the 
ea r ly  1960's was read i ly  extended to include HPLC, and th is  1 sci to 
the development o f  suitable  column packings and the design o f  high 
pressure, low dead volume l iqu id  chromatographic (LC) equipment with 
sens i t ive  detectors.  In recent years considerable attention has 
been paid to the improvement o f  equipment and columns, and the under­
standing o f  the theore t ica l  basis o f  the technique, so that HPLC is  now
123
widely used as a sens i t ive  analyt ica l  method .
HPLC has advantages over the other LC methods. Closed, reusable 
columns allow hundreds o f  separations to be carr ied out on a given 
column, making i t  economical to use expensive, high performance packings 
and to spend more time on careful packing o f  the column. Precise 
sample in jec t ion  is  achieved e a s i l y  and rap id ly  and the contro l led  
solvent  f low results in reproducible operation and hence great accuracy
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o f  the technique. Separation is  f a s t  and e f f i c i e n t ,  detect ion is  
continuous and quant i ta t ive ,  and the method is  read i ly  automated.
HPLC now also r i va ls  GC with respect to speed and separation power 
and is  not l imited by sample v o l a t i l i t y  or thermal s t a b i l i t y  so that 
i t  i s  id ea l l y  suited to  the separation o f  high molecular weight samples 
and thermally l a b i l e ,  non -vo la t i l e ,  and highly polar materia ls.
D i f f i c u l t  separations are often more read i ly  achieved by HPLC than GC 
because two chromatographic phases in terac t  with the sample molecules, 
as opposed to one in GC. A greater  va r ie ty  o f  modes o f  separation 
have been found useful in HPLC, again allowing a wider range o f  
s e le c t i v e  in terac t ions ,  and since HPLC is  genera l ly  used at temperatures 
near ambient, chromatographic separation is  enhanced because in te r -  
molecular interactions are more e f f e c t i v e  than at high temperatures.
A number o f  detectors are ava i lab le  f o r  HPLC which have found no 
appl ication in GC, and f o r  some analyses the use o f  a suitab le  s e l e c t i v e  
detector can el iminate the need f o r  complete separation. Also,  sample 
recovery is  r e l a t i v e l y  convenient and quant i ta t ive ,  and HPLC is  more 
read i ly  applied to preparative scale separations. Despite the many 
advantages o f  HPLC, GC is  s t i l l  usually the method o f  choice when no 
special problems are antic ipated f o r  a given sample. However, i t  i s  
l i k e l y  that with the continued improvement o f  HPLC apparatus, par t icu la r ly  
detection systems and packing mater ia ls ,  and the result ing  increase in 
s e n s i t i v i t y  and range o f  app l ica t ion ,  HPLC w i l l  become more widely 
used than GC.
±2 4 -6
4.2 BASIC CONCEPTS
The successful use o f  HPLC f o r  a g iven a p p l ic a t io n  depends on the
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correct  choice o f  a combination o f  operating conditions and there fore  
a consideration o f  the fundamental theore t ica l  re la t ionships involved 
is  generally  necessary to  enable control o f  separations and optimisation 
o f  conditions.
The basis o f  chromatographic separation is  the d is t r ibu t ion  o f  
sample components between two phases which are immiscible, separation 
depending on both the mobile and the stationary phase. In column 
chromatography the sample components e lute  from the column according 
to th e i r  d is tr ibut ions  between the two phases, and under ideal conditions 
( i . e .  when symmetrical Gaussian peaks are obtained) i t  is  possible to 
r e la te  d i r e c t l y  the time o f  e lut ion o f  the peak maximum to the 
equil ibrium d is tr ibut ion  c o e f f i c i e n t ,  assuming that the average solute 
molecule maintains d is t r ibut ion  equil ibrium in i t s  trave l  down the 
column. Under these conditions the d is tr ibut ion  isotherm is  l in ea r  
and the retention time, t R, is  independent o f  the amount o f  solute 
in jec ted .  An important retention parameter i s  the par t i t ion  ra t io  or 
.capacity fa c to r  k ' where:
u. _ amount o f  solute in stat ionary phase _ ^s^s »  ^s ,A 
amount o f  solute in mobile phase CmVm “  Vjyj
and K . = d is t r ibu t ion  constant or par t i t ion  c o e f f i c i e n t  
Vs = volume o f  stationary phase
Vm = volume o f  mobile phase
C$ = concentration in stationary phase
Cm = concentration in mobile phase
I t  can be shown that:
t „  - t.
i _ R 0r'   where t  is  the e lut ion time f o r  (4 .2 )
o
an unretained peak, 
and th is  parameter is  re la ted to  the r e la t i v e  separation or reso lut ion ,
-48-
R$, o f  two bands. This is  defined as equal to the distance between
the two band centres div ided by the average band width :-
where w-j and w^  are the band widths determined by the in tersect ion  o f  
the tangents o f  the in f l e c t i o n  points o f  the peaks with the base l in e .
For Rg = 1, the two bands have 2% overlap and f o r  high speed separations 
th is is  taken as a sa t is fa c to ry  separation. A higher value is  pre ferred 
f o r  quanti ta tive  work, pa r t icu la r ly  i f  the s ize  o f  the bands is  
markedly d i f f e r en t  since in th is  case band overlap becomes more severe.
Rg can be increased e i the r  by e f f e c t in g  an increase in A t  ^ or a decrease 
in peak widths. A t R i s  a function o f  the sample par t i t ion  c o e f f i c i e n ts  
and therefore depends on the nature o f  the sample components, the mobile 
and stationary phases, and on temperature. The peak widths, however, 
are dependent on the degree o f  band spreading in the chromatographic 
system, par t icu lar ly  the column. The e f f i c i e n c y ,  or a b i l i t y  o f  the 
column to provide narrow band widths and hence good separations, is  
indicated by the number o f  theore t ica l  p la tes ,  N;
The number o f  theoret ica l  plates is  proportional to  the column length, L;
where H is  the height equivalent o f  the theoret ica l  p late  or HETP 
value,  and should be small in order to g ive  a large value f o r  N.
Values o f  H f o r  a part icu lar  column are the resu lt  o f  various band 
broadening processes i . e .  eddy d i f fu s io n ,  mobile phase mass t rans fe r ,  
stagnant mobile phase mass t rans fe r ,  and stationary phase mass t rans fer .
(4 .4 )
(4 .5 )
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Eddy d i f fus ion  ar ises from the d i f f e r e n t  f low streams within the 
column, the solute molecules taking d i f f e r e n t  paths through the packed 
bed. Mobile phase mass trans fer  contributes to molecular spreading 
because the f low rate in a s ing le  f low stream is  not uniform. Liquid 
adjacent to par t ic les  moves more slowly than in the centre o f  the 
stream and hence sample molecules in the centre move further  than 
those near p a r t ic les .  In the case o f  porous column packing par t ic les  
the mobile phase contained within the pores o f  the par t ic les  is  stagnant 
and solute molecules move in and out o f  these pores by d i f fus ion  
(stagnant mobile phase mass t r a n s fe r ) .  The depth to  which the 
molecules d i f fu se ,  and hence the time spent in the pore, var ies  and 
hence there is  a further  contribut ion to band spreading. S im i la r ly ,  
the sample molecules may penetrate the stationary phase (s tat ionary  
phase mass t rans fe r )  and the depth o f  penetration and hence time spent 
in the p a r t ic le  var ies ,  result ing  in additional spreading. The 
magnitude o f  peak broadening due to these e f f e c t s  i s  a function o f  
mobile phase f low rate and i t  can be shown that:
H •= Dun (4 .6 )
where u is  the solvent  v e lo c i t y  and D and n are constants f o r  a given
127
column and solvent
The large ,  i r r e gu la r ly  shaped, porous adsorbent par t ic les  used in 
c lass ica l  l iqu id  chromatography resu l t  in low e f f i c i e n c i e s  and very 
long separation times, although the sample capacity is  high due to the 
large adsorbent surface area. In the la te  1960's, s u p e r f i c ia l l y  
porous par t ic les  (a lso  known as porous layer  or p e l l i c u la r  beads) were 
developed which have a so l id  core and a thin outer s h e l l .  Although 
the par t i c l e  diameter is  quite large ( t y p i c a l l y  40 pm), enabling a dry 
packing procedure to be used, the thin porous layer  minimises the band
- 5 0 -
broadening due to stagnant mobile phase mass trans fer  and stationary 
phase mass trans fer  and therefore  leads to an increase in e f f i c i e n c y  
r e la t i v e  to a t o t a l l y  porous packing o f  the same diameter. However, 
the r e l a t i v e l y  low surface area l im its  the sample capacity . Recent 
advances in the preparation o f  porous par t ic les  in the 5 - 20 ym range 
and development o f  suitable  packing techniques has resulted in large 
increases in e f f i c i e n c y ,  due to  the reduction o f  the e f f e c t s  o f  a l l  
the band broadening processes, and, since the surface area o f  these 
par t ic les  is  high, sample capacity  is  not reduced. However, column 
permeabil ity is  decreased necessitat ing  higher i n l e t  pressures, and 
the dead volume o f  the LC system, par t icu la r ly  the detector ,  must be 
very small .
I t  can be demonstrated that resolution is  contro l led  by the 
equation:
R« ■ I  [ 4 ]  4 t+ t]  <"-7)
where k 1 is  the average value f o r  the two bands and a is  the separation 
fa c to r  and is  defined in the equation:
\  "  *0 k '  K?
a. = r + r r -  = —  = —  (4 .8 )
R1 °o k‘ , K-,
a can be calculated d i r e c t l y  from the chromatogram and is  equal to 
the ra t io  o f  the capacity fac tors  or equil ibrium d is t r ibut ion  c o e f f i c i e n ts  
f o r  the two components. When a = 1, resolution is  zero and no 
separation is  poss ib le ,  but a small increase in a, genera l ly  obtained 
by changing the composition o f  moving and/or s tationary phases, can 
g ive a large increase in R^  without increasing the separation time.
Since Rg is  proportional to  M s an increase in N, obtained by increasing 
column length or decreasing solvent  v e l o c i t y ,  results in a r e l a t i v e l y  
small increase in Rs , and var ia t ion  o f  N is  not as e f f e c t i v e  in the 
control o f  Rg as a and k ‘ .
molecules in the stationary phase and is  therefore contro lled  by the 
solvent strength o f  the eluent. For small values o f  k ' ( $ 1 )  R$
increases rapidly  with increase in k ' ,  but f o r  values o f  k'  > 5 ,  Rc 
increases l i t t l e  with further increase in k ' .  Separations which 
involve k' values > 10 resu lt  in long retention times and excessive 
band broadening. The optimum range o f  values o f  k 1 in terms o f  
reso lut ion ,  separation time, and band detect ion i s ,  there fo re ,  about 
1 ^ k' 10. In a multicomponent sample where the various components have 
a wide range in k '  values, i t  i s  d i f f i c u l t  to obtain adequate resolution 
f o r  a l l  components. This is  re fer red  to as the general e lution problem 
and can be solved by employing gradient e lu t ion ,  i . e .  continuously 
varying the mobile phase composition with time. By sk i l fu l  se lec t ion  
o f  the gradient, a l l  bands can be eluted with k'  in the optimum range. 
Flow programming is  also used to deal with the general e lut ion problem 
but is  only e f f e c t i v e  i f  the range o f  k 1 values o f  the sample components 
is  r e l a t i v e l y  small. This technique is  best suited f o r  samples that 
require l i t t l e  resolution at the end o f  the chromatogram, since at 
high f low rates column e f f i c i e n c y  decreases. Coupled-column operation 
can also solve the general e lut ion problem. In th is  technique the 
sample is  roughly f ract ionated on a precolumn and the various f ract ions  
diverted to columns which provide near-optimum k1 values.
A further  consideration when optimising a separation is  the sample 
s i z e .  For small samples the d is t r ibut ion  isotherm is  l inear  and band
The fac to r
1 T K.
equation 4.7 is  the f ra c t ion  o f  sample
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height increases with sample s ize  with no change in retention time 
or reso lution.  At some c r i t i c a l  sample s ize  a not iceable decrease 
in retention time occurs, together  with a degradation o f  separation.
The l inear  capacity o f  the column f o r  a sample component is  defined 
as the weight o f  sample per gram o f  adsorbent which results  in a 10% 
reduction in k *. For analyt ica l  separations i t  is  usually preferable  
to work within the l inear  capacity o f  the column. The l inear  
capacity is  greater  f o r  a large volume o f  a d i lu te  solut ion than f o r  
a small volume o f  a concentrated so lu t ion,  probably as a resu l t  o f  
loca l ised  stationary phase overloading in the second case. Unlike 
in GC where the sample volume in jec ted  is  l imited to a few m ic ro l i t r e s ,  
in LC volume is  only l imited by the e f f e c t  i t  has on separation, and 
sample volumes o f  100-200 pi are of ten used without appreciable decrease 
in e f f i c i e n c y .  Even larger  volumes can be to lera ted  i f  the sample 
is  dissolved in a much weaker solvent  than the mobile phase.
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4.3 EQUIPMENT
The apparatus required to  carry out modern l iqu id  chromatography 
is  very d i f f e r e n t  from the r e l a t i v e l y  simple and unsophisticated 
equipment used f o r  c lass ica l  LC separations. While i t  is  possible 
to  carry out many useful separations with modest apparatus, r e l a t i v e l y  
sophisticated equipment is  needed f o r  separating complex mixtures or 
f o r  prec ise quanti ta tive  analysis.  The ' idea l  l iqu id  chromatograph' 
which would a) d e l i v e r  a constant f low o f  any mobile phase, b) allow 
in jec t ion  with no d i lu t ion  o f  sample at any pressure, c)  carry out 
the required separation with no sample d ispers ion,d ) detect  a s ing le  
contaminating molecule in the mobile phase and e) g ive  a l in ea r  response
over a l l  concentration ranges does not e x i s t ,  and in pract ice  the 
components must be selected to su it  th e i r  applicat ion.
4.3.1 Mobile phase de l i ve ry  systems
The ideal system consists o f  a pump capable o f  pressures up 
to 5000 psi and able to g ive  a constant,reproducible f low rate 
through the column, and a solvent  supply. Pumps f a l l  into  two major 
categor ies ;  a) mechanical pumps, which can be e i the r  screw-driven 
syringe type or rec iprocat ing,  operated by piston or diaphragm, and 
d e l i v e r  the mobile phase at a constant f low rate or b) pneumatic 
pumps which d e l i v e r  the mobile phase with a constant pressure and are 
operated by gas pressure acting on a suitable co l laps ib le  container 
or a cyl inder  that holds the mobile phase, with or without pneumatic 
ampli f ication to increase the pressure. Each system has some unique 
advantage with respect to cost ,  convenience or performance, but none
has a l l  the desired charac te r is t ics .  A review o f  pumps ava i lab le  f o r
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l iqu id  chromatographs has been given by Berry and Karger
The solvent r eservo ir  should hold about one l i t r e  o f  the mobile 
phase f o r  analyt ica l work and much larger  volumes f o r  preparative work. 
The design o f  the r eservo ir  depends on the appl icat ion ;  f a c i l i t y  f o r  
degassing the mobile phase in s itu and blanketing o f  the r ese rvo i r  with 
nitrogen may be desirable .
Additional equipment is  necessary i f  gradient  e lu t ion is  to be 
employed to e f f e c t  a desired separation. The type o f  gradient former 
which can be used is  dependent on the nature o f  the pumping system.
With a low-volume rec iprocating pump i t  is  possible to use a system 
which generates a gradient on the low pressure side o f  the pump.
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Useful gradients may be generated by systems consisting o f  only two 
reservo irs  containing solvents o f  d i f f e r e n t  strengths, but more 
sophist icated gradients may be formed by using a la rge r  number o f  
reservo irs  containing solvents with a wide range o f  strengths. 
A l t e rn a t i v e ly ,  i f  the pumping system used pressurises a large volume 
o f  solvent ( i . e .  syringe pumps, d i r e c t  gas pressurisation systems 
and pneumatic ampl i f ie rs )  the gradient must be generated under high 
pressure conditions. A system in which the output from two high 
pressure pumps is  programmed into a mixing c e l l  is  quite common but 
expensive, and i t  is  possible to generate a gradient using only one 
pump, but both systems are l imited to  the production o f  the gradient 
from only two solvents.
4.3.2 Sample introduction devices
The manner in which the sample is  introduced into  an LC column 
is  a very important fa c to r  in obtaining high column performance.
Id ea l l y  the sample should be introduced as an i n f i n i t e l y  narrow band 
onto the chromatographic bed, and th is  is  pa r t icu la r ly  important in 
the case o f  high performance, microparticuiate columns. There are 
two basic in jec t ion  systems; syringe and va lve .  Syringe in jec t ions  
are made with microsyringes designed to  withstand high pressures (a t  
leas t  1500 ps i )  into an in jec t ion  port which may be o f  the 'on-column' 
or 'swept'  design. In the f i r s t  case the syringe needle extends 
through the septum, which is  commonly made from s i l i c one  rubber or 
Neoprene but may be Teflon faced or re in forced with nylon or f ib r e g la s s ,  
onto the column packing. This technique y ie ld s  the highest column 
e f f i c i e n c i e s  but does create some pract ica l  problems. Small pieces 
o f  septum material may be deposited on the top o f  the column disturbing 
the packing and causing band-broadening. Also the syringe needle may
become blocked with column packing. In the swept-port in jec t ion  
device ,  the sample is  in jected through a low-volume i n l e t  port d i r e c t l y  
onto a r i g id  column plug and is  swept onto the packing by the mobile 
phase,. In order to minimise the band spreading before the sample 
reaches the column packing, the in jec t ion  port must be designed to 
minimise dead volume. The e f f i c i e n c y  o f  a swept in je c t ion  port can 
c lose ly  approach that o f  on-column in jec t ion  without the disadvantages 
o f  packing disturbance and needle blockage. Stop-f low or on-stream 
in jec t ion  can be carried out with e i th e r  type o f  in je c t ion  port.  
Stop-f low in jec t ion  is  generally  used at high in l e t  pressures (above 
2000 ps i )  when a sample valve is  not ava i lab le ,  or at lower pressures 
when a high pressure syringe is  not ava i lab le  or large  volumes are 
being in jec ted .  There is  very l i t t l e  loss o f  e f f i c i e n c y  because o f  
the slow rate o f  sample d i f fus ion  in a l iqu id  mobile phase.
The other method o f  sample introduction is  the sample va lve .
Valves are avai lab le  with capacit ies  o f  from 0.5 yl to several ml and 
some can be operated at pressures up to  5000 ps i.  Valve in je c t ion  is 
ea s i l y  adapted to automatic r ep e t i t i v e  analysis but is  genera l ly  less 
f l e x i b l e  than syringe in je c t ion .
4.3.3 Detectors
Sensit ive  detectors that can continuously monitor the column 
e f f lu en t  are a major requirement in modern LC and various approaches 
have been pursued in th e i r  development. Unlike in GC where the gaseous 
mobile phase has properties which are usually s i g n i f i c a n t l y  d i f f e r e n t  
from those o f  the solute passing through the system, in LC the physical 
properties o f  mobile phase and sample components are often quite 
s im i lar .  Therefore to monitor solutes in LC e i the r  the mobile phase
- 5 7 -
must be el iminated before detect ion,  or a sample property which is  
not possessed by the mobile phase must be se lec ted ,  or d i f f e r e n t i a l  
measurement o f  a bulk property possessed by both sample and solvent 
must be e f fe c ted  by means o f  careful reference compensation and 
temperature contro l .  The ideal detector  should a) have a high 
s e n s i t i v i t y  and predictable  response, b) respond independently o f  the 
mobile phase and l in ea r ly  with the amount o f  solute to  a l l  so lutes ,  
c)  be unaffected by changes in temperature and c a r r i e r  f low ,  d) be 
non-destructive o f  the sample and provide qua l i ta t iv e  information on 
the detected peak, e )  not contribute to  extra-column band-broadening 
and f )  be r e l i a b l e  and convenient to  use. None o f  the detectors 
ava i lab le  f o r  LC use meets a l l  these requirements but LC applications 
are not usually l im ited by the detector .
Two types o f  detect ion devices ,  bulk property and solute property 
detectors,  are ava i lab le .  Bulk property detectors measure a change 
in an overa l l  physical property o f  the mobile phase as the solute 
emerges from the column. Although universal ,  th is  method o f  detection 
tends to be r e l a t i v e l y  insens i t ive  and requires very good temperature 
contro l.  Refract ive  index, conductivi ty  and d i e l e c t r i c  constant 
detectors  are o f  th is  type. Solute property detectors measure a property 
o f  the solute alone and although s e n s i t i v i t y  is  genera l ly  higher and 
good temperature control unnecessary, detect ion is  not universal .
UV absorption, f luor imeter ,  polarographic, r a d io a c t i v i t y  and atomic 
absorption detectors are examples o f  th is  type. In general ,  bulk 
property detectors have a maximum s e n s i t i v i t y  o f  a few micrograms 
whereas solute property detectors are about 1000 times more sens i t i ve .
UV absorption detectors,  e i th e r  f ixed  or var iable  wavelength, are at 
present the most widely used in LC because o f  th e i r  high s e n s i t i v i t y ,  
low noise ch a rac te r i s t i c s , r e l a t i v e  in s e n s i t i v i t y  to temperature and
f low rate changes, and s u i t a b i l i t y  f o r  gradient  e lu t ion .  Although 
f ixed  wavelength instruments, commonly operating at 254 nm, are 
general ly  more s en s i t i v e ,  var iab le  wavelength detectors have the 
advantage o f  being able to  work at the absorption maxima o f  samples 
and may thus be more sens it ive  in certa in cases. Also the wavelength 
can be chosen to achieve maximum s e l e c t i v i t y ,  i . e .  to  minimise in t e r ­
ference from other UV absorbing species. On some instruments the 
peak can also be scanned a f t e r  stopping the f low to g ive  a UV spectrum.
The primary parameters which are considered when evaluating 
detectors are noise, s e n s i t i v i t y ,  and l in e a r i t y .  Noise is  defined 
as the var iat ion o f  the output signal o f  the detector  which cannot 
be attributed to the solute passing through the c e l l .
F ig ure  4.1 The d i f f e r e n t  types o f  no ise  seen on a chromatogram
Detector noise takes three forms; a) short-term noise which appears 
as a ' fuzzy '  base-l ine and is  genera l ly  used to define the detect ion 
l im i t ,  b) long-term noise which appears as peaks and troughs on the 
base- l ine and can make the detect ion o f  small peaks d i f f i c u l t  and 
c) d r i f t  which appears as a steady movement o f  the base l ine  up or 
down the scale ,  tending to camouflage noise,  making the determination 
o f  the detect ion l im i t  d i f f i c u l t .  I t  can be caused by var ia t ion  in 
temperature, pressure or f low rate as well  as e lec t ron ic  and e l e c t r i c a l  
var ia t ions .
In order to compare detectors ,  the magnitude o f  the absolute 
detector  s e n s i t i v i t y  is  required. This is  defined as the to ta l  change 
in a physical parameter which is  required f o r  a fu l l - s c a l e  d e f l e c t ion  
o f  the recorder at maximum s e n s i t i v i t y ,  with a defined amount o f  noise. 
To make d i rec t  comparisons between detectors ,  the s e n s i t i v i t i e s  must 
be quoted at equal noise magnitudes. Another useful detector  parameter 
is  the r e la t i v e  sample s e n s i t i v i t y  which is  the minimum concentration o f  
solute which can be detected. This is  usually considered to be the 
concentration which causes a peak with a height that is  twice the 
value o f  the noise. The r e la t i v e  sample s e n s i t i v i t y  is  dependent 
on the chromatographic system. For instance, the response o f  many 
detectors is  dependent on the mobile phase, and the column and dead 
volume in the system w i l l  a f f e c t  peak broadening which controls the 
minimum solute s ize  that can be detected. To ensure that the detector  
c e l l  does not contribute to  further  broadening o f  the peak, the ce l l  
should be designed with the minimum volume which is  compatible with 
the other requirements o f  the detector .  This is  p a r t icu la r ly  important 
when considering ea r ly -e lu t ing  compounds when using low-volume, highly 
e f f i c i e n t  columns.
For a detector  to function as a useful quant ita t ive  device ,  
the signal output should be l inear  with solute concentration. A wide 
range o f  detector  l in e a r i t y  is  o f  value when major and trace components 
must be determined in a s ingle  separation.
I t  should be added that a high-speed recorder should be used with
LC equipment since separation is  generally  completed rap id ly .  D ig ita l  
e le c t ron ic  integrators and computerised systems are o f  value f o r  
quantita t ive  work.
4.3.4 Other equipment
In addition to the equipment described, other items may be 
necessary f o r  part icu lar  applicat ions.  A means o f  column temperature 
control is  sometimes necessary and may bp achieved by the use o f  a i r
baths or jacketed columns, and a f ract ion  c o l l e c to r  may be useful f o r
preparative work.
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4.4 MODES OF SEPARATION USED IN HPLC
Four separation mechanisms e x i s t  f o r  the retention o f  sample 
molecules by the stationary phase and these g ive  r i s e  to  the four 
basic LC methods; l i q u id - s o l id ,  l i q u id - l i q u id ,  ion exchange and gel 
chromatography. In l i qu id -s o l id  adsorption chromatography, retention 
o f  sample molecules occurs by in teract ion  o f  the sample with f ixed  
act ive  s i tes  on the surface,  whereas in l i q u id - l iq u id  par t i t ion  chromato­
graphy the sample is  dissolved in a s tationary phase which may be 
adsorbed on the surface o f  a porous so l id  or chemically bonded to  i t .
In ion exchange chromatography, the column packing contains f ixed  ion ic
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groups and retention o f  ionic  or ionisable  samples occurs by ion 
exchange. In gel or exclusion chromatography the column packing is  
a porous material with pores o f  d i f f e r e n t  s i zes .  Sample molecules are 
separated primar ily  on the basis o f  molecular s ize  since large molecules 
are excluded from a l l  pores, being too large to  enter ,  and move through 
the column quickly, while small molecules penetrate most pores and are 
retained by the packing.
4.4.1 Liquid-so l id  chromatography (LSC)
LSC gives best results  when applied to organic-so luble ,  non-ionic 
samples o f  intermediate molecular weight (200-1000), and is  less 
promising f o r  other sample types which can usually be separated by 
one o f  the other LC methods. LSC separations are usually carried out 
on polar adsorbents such as s i l i c a  or alumina or other inorganic s o l id s ,  
although graphitised carbon black, a non-polar adsorbent, is  sometimes 
used. S i l i c a  is  the most widely  used adsorbent since i t  exh ib i ts  l i t t l e  
r e a c t i v i t y  to most sample types, a high l inear  capacity  and high e f f i c i e n c y  
in re la t ion  to other adsorbents, and is  ava i lab le  in a wide range o f  
high performance forms. S i l i c a  is  an ac id ic  adsorbent since the 
surface hydroxyl or s i lano l  (~ SiOH) groups which are considered to be 
responsible f o r  retention are ac id ic  to  varying degrees. The most 
ac id ic  groups, located on adjacent s i l i c a  atoms such that hydrogen 
bonding can take place,  can lead to  undesirable chromatographic e f f e c t s  
such as chemisorption and peak t a i l i n g .  Often deact ivat ion o f  these 
par t icu la r ly  ac t ive  adsorbent s i t es  with a polar  modi f ier  ( e . g .  water) 
is  necessary to improve the column performance. For some applicat ions 
the unique s e l e c t i v i t y  o f  another adsorbent may f a c i l i t a t e  a separation 
not possible on s i l i c a ,  and s i l i c a  should not be used f o r  ac id -sens i t ive
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samples. Interactions between the adsorbent surface and sample can 
vary from non-speci f ic  ones ( e . g .  dispersion fo rces )  to  sp e c i f i c  
ones ( e . g .  e l e c t r o s t a t i c  in t e rac t ions ) .  Retention by a polar 
adsorbent is  governed mainly by interact ions with the polar functional 
groups o f  the sample, f a c i l i t a t i n g  the separation o f  compounds with 
substituents o f  d i f f e r in g  p o la r i ty  or d i f f e r in g  numbers o f  such groups. 
The weak dispers ive  interactions with the a l ipha t ic  portion o f  the 
molecule al lows l i t t l e  d i f f e r e n t ia t i o n  between homologs or other 
mixtures d i f f e r in g  only in the extent o f  a l ipha t ic  substi tution.
The r e la t i v e  number and posit ion o f  the polar functional groups in 
the sample molecules compared with the number and spat ia l arrangement 
o f  surface adsorption s i t es  makes LSC the preferred method f o r  the 
separation o f  polyfunctional and isomeric compounds.
4.4.2 l i q u id - l iq u id  chromatography (LLC)
LLC can be applied to a wide va r ie ty  o f  sample types, both polar 
and non-polar, because o f  the large va r ie ty  o f  par t i t ion ing  phases 
which are ava i lab le ,  and unique chemical interact ions can provide 
separations which are d i f f i c u l t  by other chromatographic techniques. 
Since LLC general ly  separates on the basis o f  the type o f  substituent 
groups and d i f fe rences  in molecular weight (up to about 2000), th is  
technique allows the separation o f  homologs and mixtures o f  compounds 
with d i f f e r e n t  functional groups.
There are two approaches to LLC; the support may be impregnated 
with a polar stationary phase and a r e l a t i v e l y  non-polar mobile phase 
used (normal phase LLC) or the two phases can be interchanged (reverse  
phase LLC). The normal phase system is  genera l ly  used f o r  separating 
polar compounds and the reverse phase system f o r  r e l a t i v e l y  non-polar
compounds.
Support materials used in LLC can e i the r  be r e l a t i v e l y  inact ive  
mater ia ls ,  such as glass beads, or the same adsorbents used in LSC.
The act ive  surface must be completely covered by the stationary 
phase otherwise a combination o f  par t i t ion  and adsorption chromatography 
w i l l  occur, complicating chromatographic in te rp re ta t ion ,  and possibly 
causing t a i l in g  and non-reproducible separations. High surface area 
adsorbents require a much higher loading o f  stat ionary phase to 
minimise adsorption than low surface area ones, but have higher sample 
capacities  and smaller changes in charac ter is t ics  due to  stationary 
phase loss during use. The stat ionary  and mobile phases are se lected 
to have l i t t l e  or no s o lu b i l i t y  in each other, but presaturation o f  
the mobile phase with stationary phase is  s t i l l  genera l ly  necessary 
to avoid str ipping o f  stationary phase from the column. Presaturation 
may be accomplished by the use o f  a precolumn heav i ly  loaded with 
stationary phase. Ternary l iqu id  systems are also sometimes used, 
the two immiscible phases being used as stationary and mobile phases 
respec t ive ly .  The v i s co s i t y  o f  both stationary and mobile phases 
should be as low as possible to  maintain high column e f f i c i e n c y .
Stationary phases may be coated onto the support e i th e r  by the 
solvent evaporation technique often used f o r  gas chromatographic 
packings, or by in s itu coating where the stationary phase ( i f  low 
v i s c o s i t y )  or a solution o f  the stat ionary phase is  pumped through 
the packed column. In the case o f  non-polar s tat ionary  phases the 
support must f i r s t  be deactivated,  and th is  i s  most q.frfen achieved by 
s i l y l a t i o n  ( e . g .  by react ion with d im e thy ld ich lo ros i lane ) . In 
sp ite  o f  presaturation o f  the mobile phase, stat ionary phase may be 
acc identa l ly  stripped from the column as a resu lt  o f  temperature
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d i f fe rences  in the chromatographic system, sample in je c t ion  and high 
f low rates. A lso,  gradient  e lut ion cannot be used. This has led 
to the development o f  packings with bonded stat ionary phases. S i l i c a t e  
es te r  (=Si-0-CE) bonded phases, known as 'brushes' ,  prepared by a 
one-to-one e s t e r i f i c a t i o n  reaction between the s i lano l  group o f  the 
s i l i c a  support and an alcohol ,  can be prepared. These materials are 
not hyd ro ly t ica l ly  or thermally s tab le ,  however, and cannot be used 
with aqueous or a lcohol ic  mobile phases. S i l y la t i o n  reactions have 
found widespread use in the preparation o f  LC phases. The s i lano l 
group is  reacted with a d i -o r  t r ich ioro-organos i lane  containing a 
functional group which imparts the desired chromatographic behaviour 
to the column. The bond result ing  from th is react ion is  the si loxane 
or s i l i cone  bond, =Si-0~SiE, which is  stable under the conditions used 
in most chromatographic appl ications.  Most commercially ava i lab le  
bonded phases are o f  th is  type. As in LSC, microparticuiate packings 
are pre ferred.
Packings f o r  use in the reverse phase mode are genera l ly  based 
on the octadecylsi  lane fu nc t iona l i t y ,  and the mobile phase in this case 
is  usually water or a mixture o f  water and water-miscible organic 
solvents such as methanol and a c e t o n i t r i l e .  Both the po la r i t y  o f  the 
organic modif ier  and i t s  concentration a f fe c t  re tent ion ,  large 
concentrations o f  r e l a t i v e l y  non-polar solvents decreasing k '  values.
More polar packings are general ly  used in the normal phase mode and the 
basis o f  se lec t ion  o f  mobile phase is  s imilar  to that used in LSC.
Bonded phase packings can be par t icu la r ly  useful f o r  the study o f  
compounds which react on adsorbent surfaces, since the s i l y l a t i o n  process 
can remove most o f  the surface ac t ive  groups.
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The analyt ica l  appl ications o f  GPC cover studies o f  both organic 
and inorganic materials in both aqueous and non-aqueous systems.
Although GPC is uniquely useful f o r  the study o f  high molecular 
weight species (up to 150 x 10 ) ,  low molecular weight compounds can 
also be separated by this method provided that there is  s u f f i c i e n t  
d i f fe rence  in molecular weight ( ^10%).  The method is  also well  
suited to  the prel iminary inves t iga t ion  o f  unknown samples, since 
information on the complexity o f  the sample and molecular weight range 
can be obtained very quickly. Because a l l  sample bands usually leave 
the column r e l a t i v e l y  quickly (before  t  ) they are narrow and ea s i l y  
detected,  but the column has a l imited peak capacity i . e .  only a few 
bands can be separated. Since the end o f  the chromatogram is  usually 
predictable ,  GPC is e a s i l y  automated. Sample loss and chemical 
a l t e ra t ion  during separation is  very rare.
Packings are avai lab le  f o r  GPC in a number o f  pore s i z e s ,  each 
suitable  f o r  the separat ion-o f  compounds o f  d i f f e r in g  molecular weight.
The ideal properties o f  a packing f o r  high performance GPC are good 
chemical, thermal and mechanical s t a b i l i t y ,  high permeabil ity  to  f lu id  
f low ,  uniform and sm a l l . ( 3  10 ym) par t i c l e  s i z e ,  and small pore s ize  
d is t r ibut ion .  Some o f  the modern cross- l inked organic gels  meet 
these requirements. Considerable at tention is  also focussed on the 
development o f  porous inorganic materials f o r  this type o f  chromatography.
In GPC, unlike the other LC methods, the mobile phase is  not 
se lected in order to  control reso lut ion ,  but fo r  low v i s c o s i t y  and i t s  
a b i l i t y  to d isso lve  the sample, and compatib i l i ty  with the packing.
The resolution o f  compounds o f  s im i lar  molecular s ize  can be increased 
by the use o f  columns in ser ies  or by recycle  chromatography. This
4 .4 . 3  Gel permeation chromatography (GPC)
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technique allows par t ly  resolved bands to  be sent back to  the same 
column f o r  further separation. This process can be continued until  
the separation is  complete or unti l  the recycled bands spread over 
the en t i re  column length so that the two ends o f  the chromatogram begin 
to overlap.
4.4.4 Ion exchange chromatography
In the ear ly  stages o f  development o f  HPLC, the ion-exchange mode 
did not produce the increases in performance attained by the other 
LC methods. This was mostly due to  the slow nature o f  the ion-exchange 
process and the lack o f  suitable  packing materials f o r  high performance 
operation, although the l imited range o f  detectors ava i lab le  made 
detect ion in some systems a problem, e . g .  in separations o f  metal ions.
The most widely used ion-exchange resins are based on a cross- 
linked polystyrene matrix. Highly cross- l inked resins are stable at 
r e l a t i v e l y  high pressures, unlike low cross- l inked resins which deform 
badly. Resin ion-exchangers are c la s s i f i e d  as m icrore t icu lar  or 
macroreticular. M icroret icu lar  resins have small pores throughout 
the matrix with the disadvantage that mass trans fer  is  slow and hence 
separations are i n e f f i c i e n t  and e lu t ion times are long. Macroret icular 
res ins,  however, contain both large and small pores and are consequently 
more porous, reducing the mass t rans fer  problems associated with 
microret icu lar  resins and allowing the use o f  higher pressures. For 
quick and e f f i c i e n t  separations where high sample capacity  is  not 
important, however, the p e l l i cu la r  and s u p e r f i c ia l l y  porous exchangers 
are superior packings, since resistance to mass trans fer  is  minimised 
and high pressures can be used. These materials have a s o l id ,  ine r t  
core with e i the r  a thin coherent f i lm  o f  ion exchange material or a
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l a y e r  o f  s o l i d  p a r t i c l e s  coated with a thin f i lm  o f  mechanical ly  
held or chemically  bonded ion exchanger.
The development o f  these e f f i c i e n t  packings has r e s u l te d  in the 
s o lu t io n  o f  many d i f f i c u l t  separa tion  problems and the improvement 
o f  separations  c a r r i e d  out by c l a s s i c a l  methods. The i n v e s t i g a t i o n  o f  
d e te c t io n  systems f o r  a p p l ic a t io n  in HPLC, p a r t i c u l a r l y  the e l e c t r o ­
chemical d e t e c t o r ,  has led to renewed i n t e r e s t  in the ion-exchange 
chromatography o f  metal ions.
4 .4 .5  P r a c t i c a l  aspects  o f  LSC
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Snyder nas e x t e n s i v e l y  stu died  the ro le  of  the s o lv e n t  in LSC 
and has proposed a model based on the equation:
Xmobile + n Sadsorbed ------- ^adsorbed + n ^mobile
when a so lu te  molecule (X) in the mobile phase d i s p l a c e s  n adsorbed 
so lv e n t  (S) molecules to  become adsorbed. I t  can be seen t h a t  when 
so lv e n t  molecules i n t e r a c t  s t r o n g ly  with the surface  s i t e s ,  the 
equ il ibri um i s  s h i f t e d  to the l e f t  and the s o lu te  molecules remain in 
so lu t io n  ( i . e .  are not r e t a i n e d ) .  Snyder's  model p r e d ic t s  the 
v a r i a t i o n  o f  re ten t io n  with so lv e n t  s t re n g th .  Solvents  can be c l a s s i f i e d  
according to  t h e i r  s trength  o f  adsorption g iv in g  an e l u o t r o p i c  s e r i e s  
which can be used to  f ind  the optimum s o lv e n t  s trength  f o r  a p a r t i c u l a r  
se pa ra t io n .  Solvent mixtures,  p a r t i c u l a r l y  binary s o l v e n t s ,  are used 
more often  than pure so lv en ts  in LSC. Since the s o lv e n t  st re ngth  
changes continuously (although not n e c e s s a r i l y  l i n e a r l y )  with composition 
in a binary mixture,  the optimum s o lv e n t  strength can be more e a s i l y  
s e l e c t e d .  A ls o ,  the so lv e n t  v i s c o s i t y  can be kept a t  a minimum by 
using a non-viscous so lv en t  as the major component o f  the mixture,
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leading to  higher column e f f i c i e n c i e s .  S e l e c t i v i t y  in LSC i s  va r ied  
by maintaining a constant s o lv e n t  s trength  and varying s o lv e n t
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composit ion. Saunders has published data to  enable the s e l e c t i o n  
o f  s u i t a b l e  s o lv e n t  p a irs  (from a range o f  s i x  so lv e n ts)  f o r  use on 
s i l i c a .  I t  i s  g e n e r a l l y  found t h a t  f o r  a given so lv e n t  s t r e n g t h ,  the 
g r e a t e s t  s e l e c t i v i t y  i s  obtained i f  the concentrat ion o f  the s t r o n g e s t  
component o f  the mixture i s  l e s s  than 5% or g r e a te r  than 50% by volume.
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Other so lv en t  parameters such as Hildebrand s o l u b i l i t y  parameters can 
a l s o  be used to ad ju st  so lv e n t  composition to giv e  more s e l e c t i v e  
s o l v e n t - s o l u t e  i n t e r a c t i o n s .  When binary so lv en ts  containing a very  
small concentrat ion o f  strong s o lv e n t  are used,  so lv en t  demixing may 
occur since the strong so lv e n t  i s  i n i t i a l l y  more s t r o n g l y  adsorbed 
than the weaker one. Gradually  however, the adsorbent becomes 
saturated  with the strong so lv e n t  and the mobile phase compositions 
ente r in g  arid le aving  the column are the same. The e x t e n t  o f  
e q u i l i b r a t i o n  o f  the column can be determined by re pe ate d ly  i n j e c t i n g  
a s u i t a b l e  standard mixture u n t i l  constant  k '  values are obtained.
Another important parameter in LSC i s  the a c t i v i t y  o f  the adsorbent.  
Bare adsorbent surfa c e s  contain adsorption s i t e s  o f  vary ing  degrees o f  
s trength  and the r e l a t i v e  numbers o f  these s i t e s  c o n tr o ls  the. adsorbent 
a c t i v i t y .  With non-polar s o lu te s  a h i g h ly  a c t i v e  su r fa c e  i s  necessary  
s ince  adsorption energ ies are weak, but f o r  po la r  s o lu t e s  with strong 
adsorption energ ies a d e a c t iv a te d  surface  i s  necessary in order to 
avoid long re ten t io n  t imes ,  peak t a i l i n g  and low l i n e a r  c a p a c i t i e s ,  and 
in some cases decreased column e f f i c i e n c y ,  sample a l t e r a t i o n  and 
i r r e v e r s i b l e  adsorption.  In order to  control  adsorbent a c t i v i t y ,  
water i s  g e n e r a l l y  added to  s e l e c t i v e l y  block the most a c t i v e  s i t e s .
This can be done by ad ju st in g  the adsorbent water content p r i o r  to  
column packing but i s  more c o nvenient ly  adjusted in the packed column
by m odif ication  o f  the mobile phase. I f  water d e a c t i v a t io n  i s  
employed, the mobile phase must be in water equil ibri um  with the 
adsorbent or the adsorbent water content w i l l  change with passage o f  
the mobile phase. Water sa tu ra te d  s o lv en ts  are prepared by p e r c o la t in g  
the s o lv e n t  through a column o f  30% water on low c o s t  s i l i c a  packing.  
So lvents  o f  standard percentage water sa tu ra t io n  are then prepared by 
mixing 100% water sa turated  s o lv e n t  with dry s o l v e n t .  As in the case 
o f  binary so lv en ts  containing a small concentra tion o f  a strong s o l v e n t ,  
s u f f i c i e n t  equil ibr ium  time must be allowed to  avoid s o lv e n t  demixing.
In order to avoid the time-consuming preparat ion  o f  water sa tu ra te d  
s o l v e n t s ,  a small amount (0.1 - 0.5%) o f  another p o la r  m o d i f i e r ,  e . g .  
i sopropanol,  can be added to  the mobile phase.
Solvent p u r i t y  i s  very important in LSC since  even t r a c e  pola r  
im puri t ie s  may accumulate a t  the head o f  the column in t ime,  due to the 
la rg e  volumes in vo lve d ,  and cause column d e a c t i v a t io n  and lo s s  o f  
e f f i c i e n c y .  P u r i f i c a t i o n  i s  b e s t  achieved by passing the s o lv e n t  
through a l a r g e - p a r t i c l e ,  a c t i v a t e d  s i l i c a  column. I f  s t r o n g ly  
adsorbing contaminants from e i t h e r  so lv e n t  or sample do cause a lo s s  
in column e f f i c i e n c y ,  the column can be regenerated by washing with 
a strong s o l v e n t ,  e . g .  methanol. The column a c t i v i t y  i s  then re sto re d  
by washing with a s e r i e s  o f  s u c c e s s i v e l y  weaker s o l v e n t s .
TLC i s  use ful  f o r  pre l i min ary i n v e s t i g a t i o n s  o f  LSC separations  
because o f  i t s  s i m p l i c i t y  and f l e x i b i l i t y ,  but d i r e c t  e x t r a p o l a t io n  to  
columns i s  not always p o s s i b l e .  The presence o f  a binder in some TLC 
p la t e s  may in f lu ence  r e s u l t s .  So lv en ts in a b in ary  mixture of ten  have 
a d i f f e r e n t  a f f i n i t y  f o r  the adsorbent and demixing occurs on the TLC 
p l a t e ,  leading to s l i g h t l y  d i f f e r e n t  separa tions than those obtained 
with columns. This problem can be overcome to  some e x te n t  by the use
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o f  a p la te  p r e - e q u i l i b r a t i o n  technique.  T y p i c a l l y ,  TLC adsorbents 
are more a c t i v e  than the adsorbents in columns and a s l i g h t l y  weaker
s o lv e n t  must be used f o r  the column separa tion than t h a t  found optimal
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f o r  TLC. S c h l i t t  and Geiss have descr ibed the use o f  TLC as a p i l o t  
technique f o r  HPLC.
4.5  QUANTITATIVE ANALYSIS BY HPLC
P rio r  to  about 1968, q u a n t i t a t i v e  measurements by column chromato­
graphy were g e n e r a l l y  ra th e r  te dio us  to  accomplish,  but the use o f  
modern equipment in conjunction with the q u a n t i t a t i v e  techniques developed 
f o r  GC has made LC a h ig h ly  accu rate  and p re c is e  a n a l y t i c a l  technique.
In order to  obtain the maximum p re c is io n  in q u a n t i t a t i v e  d e t e r ­
minations by LC, var ious sources o f  e r r o r  must be minimised. Sample
s o lu t io n s  must be prepared in a manner t h a t  w i l l  a l low the l e v e l  o f  
p r e c is io n  which i s  des ired  in the f i n a l  determinat ion.  I n je c t i o n  
volumes must be p r e c i s e l y - c o n t r o l l e d  and good i n j e c t i o n  technique 
employed in order to avoid poor peak shapes. Inaccuracies  can a lso  
occur as a r e s u l t  o f  the chromatographic process i t s e l f .  I f  peak 
overlap  and t a i l i n g  occur ,  b e t t e r  separa tion  condit ions should be 
s e l e c t e d ,  and i f  peak area i s  not proportional  to  c o n c e n t ra t io n ,  sample 
decomposition should be suspected.  The appearance o f  spurious peaks 
a l s o  in creases  e r r o r s .  The s t a b i l i t y  o f  d e t e c t o r  response i s  
p a r t i c u l a r l y  important and i f  the d e t e c t o r  i s  s u s c e p t i b l e  to  changes 
in temperature or f low ra te  these parameters must be c a r e f u l l y  c o n t r o l l e d  
f o r  optimum p r e c i s i o n .  The method o f  q u a n t i t a t i o n ,  i . e .  peak height  
or peak area measurement, can a ls o  in f lu e n c e  the accuracy and p r e c is io n  
o f  the a n a l y s i s .  The concentra tion o f  an unknown sample i s  obtained
-71-
by comparison o f  the peak he ight or area f o r  a standard a l i q u o t  with 
a c a l i b r a t i o n  p l o t  o f  peak he ight or area versus co ncen tra ti on  f o r  the 
same s i z e  a l i q u o t .  Measurement o f  peak heights in v o lv e s  the l e a s t  
e f f o r t  and compensation f o r  b a s e - l i n e  d r i f t  between the s t a r t  and f i n i s h  
o f  the peak i s  e a s i l y  made by i n t e r p o l a t i o n .  The peak-height method 
should only be used when peak heights are proportional  to sample concen­
t r a t i o n  and ser ious  erro rs  occur i f  peaks are d i s t o r t e d  or the column 
i s  overloaded.  The peak-height method i s  g e n e r a l l y  used f o r  t r a c e  
a n a ly s is  since  the accuracy i s  l e s s  dependent on r e s o lu t i o n  than peak 
area measurements. Peak-area measurements a r e ,  however, l e s s  in f lu enced  
by changes in instrumental  parameters, and b e t t e r  r e s u l t s  are obtained 
f o r  non-Gaussian shaped peaks. Peak area measurement i s  th e re fo re  
g e n e r a l l y  used f o r  b e t t e r  p r e c is io n  and peak height  measurement f o r  
maximum freedom from p o s s ib le  i n t e r f e r e n c e s .
4 . 5 . 1  Trace a n a ly s is
y 33
Kirkland d e t a i l e d  the p re fe rre d  experimental cond it ions  f o r  
t r a c e  a n a l y s i s  by modern LC. Determination o f  a tra ce  component in 
a mixture i s  most accura te  when i t s  peak e l u t e s  p r i o r  to  the p r i n c ip a l  
peaks, and s e n s i t i v i t y  i s  l a r g e s t  i f  the c a p a c i ty  f a c t o r  k ‘ i s  
0.5 < k ‘ < 1 .5  since  the peak i s  then sharp and e a s i l y  measured. I f  
the t r a c e  component e l u t e s  on the t r a i l i n g  edge o f  a p r i n c ip a l  component, 
accura te  determination i s  hindered and r e so lu t io n  must be increased  by 
the appropriate manipulation o f  the parameters in the r e s o lu t i o n  
equation ,a, N and k 1 (equation 4 . 7 ) .  The s e n s i t i v i t y  o f  the t r a c e  
a n a l y s i s  i s  a l s o  increased with an increa se  in N, s in c e  the peaks 
obtained are sh arper ,  i . e .  peak he ight i s  in creased.  By v i r t u e  o f  i t s  
r e l a t i o n s h i p  to  column e f f i c i e n c y  (equation 4 . 6 ) ,  mobile phase v e l o c i t y  
a l s o  a f f e c t s  the s e n s i t i v i t y  o f  t r a c e  a n a l y s i s  and f o r  high s e n s i t i v i t y
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should be low i f  a n a l y s i s  time i s  not c r i t i c a l .  The o pti m is ation  o f  
k '  f o r  t r a c e  a n a ly s is  invo lv e s  a compromise between r e s o lu t i o n  and 
s e n s i t i v i t y  since  the in f lu e n c e  o f  k ’ on peak he ights  i s  so g r e a t .
For maximum s e n s i t i v i t y ,  as la rg e  a sample volume as p o s s ib le  
should be i n j e c t e d .  Preconcentration o f  the sample i s  u s u a l l y  p o s s i b le  
but d i f f i c u l t i e s  may be encountered i f  s o l u b i l i t i e s  are low, or sample 
a l t e r a t i o n  or lo s s  o c curs ,  or i f  the concentrat ion o f  major components 
o f  the sample leads to column o ver lo a ding .  In the l a s t  c a s e ,  a 
sample clean-up or enrichment procedure may be employed.
A s e l e c t i v e  d e t e c t o r  with la rg e  s ig na l  to  noise r a t i o  should be 
used f o r  t r a c e  a n a l y s i s .  Since pump pulsat io ns  and f low changes 
generate b a s e - l i n e  noise to  d i f f e r e n t  degrees in var ious  d e t e c t o r s ,  
l i m i t i n g  s e n s i t i v i t y  in t r a c e  a n a l y s i s ,  p u l s e - f r e e  pumps are p re fe rre d  
f o r  t h i s  a p p l i c a t i o n .
4.6 REVIEW OF HPLC OF METAL IONS, ORGANOMETALLIC COMPOUNDS AND 
•ICTl^UMPIEXEg -----------
In s p i t e  o f  the outstanding v e r s a t i l i t y  o f  HPLC as an a n a l y t i c a l  
technique,  by v i r t u e  o f  the a v a i l a b i l i t y  o f  ad so rpti o n ,  p a r t i t i o n ,  
e x c lu s io n  and ion exchange mechanisms in the high-performance mode, 
l i t t l e  a t t e n t io n  has so f a r  been paid to metal i o n s ,  organ om etall ic  
sp ec ies  or metal complexes, y e t  a very  wide range o f  org anic  compounds 
has been stu died.  This lack o f  a p p l i c a t i o n  i s  s u r p r is in g  s ince  c l a s s i c a l  
LC, paper chromatography and TLC have been widely  used in the a n a l y s i s
48
o f  m e ta l l i c  spec ies .
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Many o f  the c l a s s i c a l  separations  o f  metal ions by ion exchange 
chromatography have formed the b a s is  f o r  the development o f  modern, 
high-performance methods. Seymour and co-workers have applied  
' fo r c e d  f low'  ion-exchange chromatography to  the se para tion  o f  a range
±34-5 136 137
o f  metal ions and the separa tion o f  lead and iron from other metal
138-141
ions.  The high-speed ion exchange separations  o f  rare  earths
142
and a c t i n i d e s  have been demonstrated. Traces o f  a l k a l i  metals have
143
been determined on cation-exchange columns using ra dio metr ic  and 
144
thermometric d e t e c t o r s .  High-performance separa tions o f  a l k a l i n e
earth and heavy metal ions were studied using a novel coulometric  
145
d e t e c t o r  . The separa tion o f  heavy metal ions was a l s o  i n v e s t i g a t e d  
using a colour-forming reagent a f t e r  e l u t i o n ,  and spectrophotometric
146 147
d e tec t io n  . Systems f o r  the determination o f  cadmium and copper
148
and iron have a l s o  been reported .
4.6.1 Metal ions
4 .6 .2  Organometall ic compounds and metal complexes
Studies in the org anom etall ic  f i e l d  include the LC separation
149-153 154
o f  metal carbonyl complexes , metal locarboranes , and organic
155
mercury compounds .
Gel chromatography has been used in the study o f  some metal 
3-d iketo n a te s .  Acetyl  acetone and i t s  Cr c h e la te  in a po ly vinyl
156
a c e t a t e  ge l-ch lo ro fo rm  system , a range o f  metal a c e t y la c e t o n a t e s  in
157
a p oly vinyl  a c e ta te  - THF system , and t r i v a l e n t  Co and Cr a c e t y l -
acetonates using a s ty r e n e d i v i n y l  benzene copolymer gel  and a range o f
158
organic so lv en ts  as e lu e nts  have been i n v e s t i g a t e d .  R e cently ,  the 
Cr c h e la te s  o f  a range o f  f l u o r i n a t e d  and no n -f lu o r in a ted  3-diketones
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were studied using po ly vinyl  a c e t a t e  and polystyrene  g e ls  .
The f i r s t  demonstration o f  the a n a l y t i c a l  p o te n t ia l  o f  the 
a p p l ic a t io n  o f  HPLC to  the separa tion  o f  metal c h e la te s  involved 
the use o f  a terna ry  l i q u i d - l i q u i d  p a r t i t i o n  system f o r  the separa tion
o f  the a c e ty la c e to n a te s  and t r i f l u o r o a c e t y l a c e t o n a t e s  o f  a range o f
160
metals . The addition o f  a t r a c e  o f  c h e la t i n g  agent to the e lu e n t  
was found to suppress decomposition o f  the c h e l a t e s .  Although the 
s o l i d  support was found to  be i n e r t  f o r  the l e v e l  o f  concen tration  o f  
complexes used, no d e t a i l s  o f  co ncen tra ti ons o f  sample s o l u t i o n s  were 
g iv en .  The separa tion  o f  the Hg and Cu c h e la te s  o f  d i a c e t y l  b i s -
5
thiobenzhydrazone on s i l i c a  with benzene as the e lue n t  was reported . 
Recent ly ,  HPLC s tu die s  o f  metal 1 ,2 -d ike to bis th iobe n z hy d raz o n e s ,
9
d ia lk y ld i th io ca rb a m a te s  and 1 ,2-d iketobis thiosem ic arbazones  and metal 
10
d ith iz o n a te s  have been reported .  Glass columns were used to avoid 
any c o n ta ct  between the c h e la te s  and metal parts  which might lead to 
decomposit ion,  but peak t a i l i n g ,  p o s s i b ly  due to decomposition,was 
noted in several  in s ta n c e s .  Detect ion l i m i t s  a t  the nanogram le v e l  
were claimed but l i t t l e  q u a n t i t a t i v e  information was g iv en .  The 
r e s u l t s  are summarised in Table 4 .2 .
The advent o f  m i c r o p a r t i c u la te  column packings has led to the
comparison o f  the performance o f  HPLC f o r  the a n a ly s is  o f  some metal
c h e la te s  with th a t  o f  GC (see Se ct io n  3 . 3 ) .  The separa tion  o f  neutra l
copper and ni ckel  c h e la te s  o f  two r e p r e s e n t a t iv e  S c h i f f  base l igan ds
6
on 10 pm s i l i c a  using dichloromethane as e lu e n t  was s tu died . A ls o ,  
reverse  phase chromatography on 10 ym C ^  bonded s i l i c a  su b s tra te  was 
applied  to the separa tion  o f  copper,  ni ckel  and palladium c h e la te s  o f  a 
range o f  no n-fluor inate d  and f l u o r i n a t e d  g-ketoamine and s a l i c y l a l d i m i n e
7
159
l i gands s and the separa tion o f  metal che la tes  o f  g-ketoamines on
-75-
Table 4.2 Examples of the application of HPLC to studies of metal chelates
Ligand Metals Stationary phase Eluent Details Ref.
Acetyl acetone and tri- 
f1uoroacetylacetone
Be, Al, Cr, Fe, 
Co, Ni, Cu, Zn, 
Zr, Ru
water-rich phase of 
water/TMP/ethanol 
ternary liquid/ 
liquid system on 
diatomaceous earth 
(5-10, 10-20 pm)
water-poor phase ligand added to phase system 
to inhibit decomposition 
(0.2a in stationary phase, 
0.8% in eluent)
160
Diacetylbisthiobenz-
hydrazone
Hg, Cu silica gel (40 pm) benzene 2 ng Hg, 0.5 ng Cu detected 5
Diacetylbisthiobenz- 
hydrazone
Hg, Ni, Cu, Zn, 
Pb
silica gel (20,30, 
40 pm)
benzene, benzene/ 
heptane, chloroform/ 
hexane
Cu and Ni not separated by 
isocratic elution. Hg, Ni, 
Cu, Pb separated by gradient 
elution. Zn not eluted.
One example of a separation 
on 10 pm packing (Hg, Cu, Pb). 
Better performance achieved 
with chloroform-based eluent
9
Diethyldithiocar- 
bamate ion
Cu, Hg, Ni, Co, 
Zn, Cd, Pb
silica gel (30 pm) benzene considerable tailing of Zn, 
Cd, Pb chelates
9
Cu, Ni, Co spherical silica 
gel (8 pm)
acetonl tri!e/diethyl 
ether/tight petroleum 
hydrocarbon
Column pretreated with 0.5% 
pyridine in light petroleum 
hydrocarbon. Detection limits 
in the 5-10 ng of metal range
U
Benzylmethyldithio-
carbamate
Cu, Zn, Ni,Cd, 
Co, Pb
silica gel (40 pm) benzene/cyclohexane Cu and Zn, Pb and Co chelates 
not separated
9
D i e thoxye thy1dIthi o- 
carbamate ion
Hg, Cu, Hi, Co, 
As, Sb, Bi, Pb, 
Zn, Cd
silica gel (40 pm) carbon tetrachloride/ 
acetonitrile
Hg ar.d Cu not separated. Sb 
and Bi not eluted. Pb, Zn, Cd 
showed large tailing effects
9
Glyoxalbis(2,2,3,3-tetra- 
methylbutyl)thiosemi- 
carbazone
Hg, Cu, Ni, Pb, 
Cd, Zn, Co
alumina (30 pm) benzene Cd, Zn, Co not eluted. Pb 
chelate decomposed
9
Diacetylbis(cyclo- 
hexyl)thiosemicarbazone
Hg, Cu silica gel (40 pm) benzene/THF q
Dithizone Pb, Zn, Cd, Hg, 
Cu, Ni, Co
Silica gel (30 pm) benzene Zn and Pb chelates showed 
considerable tailing. Cd not 
eluted.
10
N,N1-ethylenebis(acetyl - 
acetoneimine) and H,N'- 
ethylenebis(salicyl- 
aldimine)
Cu, Ni Silica gel (10 pm) dichloromethane/
acetonitrile
Quantitative studies to 
determine linearity of 
detector response and detection 
limit given. Detection of low 
nanogram levels of metal 
possible
6 .
A range of fluorinated 
and non-fluorinated 
P,-ketoamines and N,N'- 
ethylenebis(salicyl- 
aldimine)
Cu, Ni, Pd C-m-bonded silica 
(18 pm)
methanol/wa ter/ 
acetonitrile
Variation of retention and 
resolution with respect to 
changes in ligand structure 
and metal chelated studied.
7
N,N'-ethylenebis(acetyl- 
acetoneimine)
Cu, Ni, Co, Pd Cig-bonded silica 
(10 pm)
methanol/phosphate 
buffer
Detection limits 0.2 ng Ni, 
0.5 ng Cu
0
N,N'-ethylenebis(benzoyl- 
acetoneimine)
Cu, NI -NH2*bonded silica 
(10 pm)
methanol/phosphate
buffer
8
..f,... .... .
m ic ro p a rt ic u ia te  reverse  phase and amine-bonded s u b s tr a te s  using
8
methanol/phosphate b u f f e r  mobile phases was reported . The separa tion
o f  C u ( I I ) aN i(I I )  and C o (III)  d ie th yld i th io carbam ates  on 8 ym sp h e r ic a l
11
s i l i c a  has a lso  been demonstrated (see Table 4 . 2 ) .
The HPLC o f  metal c h e la te s  has found a p p l ic a t io n  in s y n t h e t i c  
chemistry;  the reverse  phase separa tion  and p u r i f i c a t i o n  o f  C o (III)  
mixed l i gand complexes with a c e ty l  acetone and oxinate  and monomethyl- 
oxinate  ions and the s e l e c t i o n  o f  optimal s y n t h e t i c  condit ions were
1 ci
achieved .
CHAPTER 5
Although there are se ve ra l  a n a l y t i c a l  methods a v a i l a b l e  f o r  the 
t r a c e  a n a ly s is  o f  m eta ls ,  the ne cessary  equipment i s  often  c o s t l y  and 
i s  not s u i t a b l e  f o r  other a n a l y t i c a l  a p p l i c a t i o n s .  Chromatographic 
methods, however, have a very wide range o f  uses and since  HPLC i s  now 
becoming a common la b o ra to ry  technique i t s  p o te n t ia l  f o r  t r a c e  metal 
a n a l y s i s  v i a  metal complexes should be considered.
The o b j e c t i v e s  o f  t h i s  work were to i n v e s t i g a t e  the a p p l ic a t io n  o f  
HPLC to  a range o f  metal complexes,  to  attempt to  improve s e n s i t i v i t y  
by the appropriate  s e l e c t i o n  o f  the l igand and to  develop an a n a l y t i c a l  
technique s u i t a b l e  f o r  the determination o f  metals in a v a r i e t y  o f  
matr ices by the a n a ly s is  o f  t h e i r  complexes.
The general requirements f o r  metal complexes to be s u i t a b l e  f o r  
use in metal a n a ly s is  by HPLC with UV d e te c t io n  are t h a t  the complexes 
must a) absorb in the UV, b) form s t o i c h i o m e t r i c a l l y ,  c) be adequately 
so lu b le  in the so lv en ts  used f o r  HPLC and d) be s t a b l e  on the column used. 
I t  may a ls o  be an advantage f o r  the metal complexes to be e x t r a c t a b l e  
by an organic so lu t io n  o f  the l i gand from an aqueous so lu t io n  although 
t h i s  i s  not e s s e n t i a l .  For example, i f  the complexes are formed in 
aqueous s o lu t io n  the p o s s i b i l i t y  e x i s t s  f o r  se para tion  o f  the components 
o f  the re act io n  mixture by re vers e  phase chromatography. A ls o ,  i f  the
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complexes form very s low ly  or the re a c t io n  re quires heat  i t  may s t i l l  
be p o s s ib le  to  develop a q u a n t i t a t i v e  method by e x t r a c t i n g  with an 
org anic  so lv e n t  a f t e r  complex formation.  In cases where the l i gand 
cannot be adequately separated  from the complexes e i t h e r  by chromato­
graphy or by back e x t r a c t i o n ,  or where addit ion  o f  the l igand to  the 
e lu e n t  i s  advantageous to separa tion  or i n h i b i t i o n  o f  decomposit ion,  
i t  i s  p re fe ra b le  th a t  the UV sp ec tra  o f  the complexes d i f f e r  markedly 
from th a t  o f  the l igan d so the wavelength f o r  the determination can 
be s e l e c t e d  to  minimise l igand i n t e r f e r e n c e .
While information concerning requirements a ) ,  b) and c) and the 
e x t r a c t a b i l i t y  o f  complexes may ofte n  be found in the l i t e r a t u r e ,  the 
f a c t o r s  a f f e c t i n g  the chromatographic s t a b i l i t y  o f  metal complexes 
have not been documented. In TLC, decomposition i s  r a r e l y  r e fe r r e d  
to  as such, although t a i l i n g ,  s t re a k in g  and disappearance o f  spots 
are often  re ported ,  and in GC decomposition o f  complexes has g e n e r a l l y  
been a t t r i b u t e d  to  inadequate thermal s t a b i l i t y .  Although various 
means o f  i n h i b i t i n g  decomposition are mentioned in the l im ited  
l i t e r a t u r e  on HPLC o f  metal complexes (see Chapter 4 ) ,  no c r i t e r i a  
f o r  s t a b i l i t y  are g iven .
For the pre l iminary s tu dy ,  t h e r e f o r e ,  the l igan ds most commonly 
used in GC o f  metal complexes, the g - d ik e to n e s ,  were considered.  The 
complexes were g e n e r a l l y  s e l e c t e d  on the ba s is  o f  t h e i r  high s t a b i l i t y  
constants or because o f  t h e i r  i n e r t  natu re .  The UV sp e c tra  were 
obtained and compared with those o f  the l i g a n d s ,  s i n c e  u l t i m a t e ly  the 
s e n s i t i v i t y  o f  an HPLC method using UV d e te c t i o n  i s  dependent on the 
molar e x t i n c t i o n  c o e f f i c i e n t s  o f  the complexes and may depend on 
d i f f e r e n c e s  between the complex and l i gand s p e c t r a .  TLC was then 
used to i n v e s t i g a t e  the chromatographic s t a b i l i t y  o f  the complexes
and to  f ind  s u i t a b l e  combinations o f  s t a t i o n a r y  and mobile phases f o r  
f u r t h e r  i n v e s t i g a t i o n  by HPLC. A f t e r  considering  the on-column 
s t a b i l i t y  o f  the complexes on a range o f  columns and in a v a r i e t y  o f  
HPLC modes a system f o r  the HPLC a n a l y s i s  o f  two o f  the s t a b l e  complexes 
was developed. The p o s s i b i l i t y  o f  e x t r a c t i n g  the metals from aqueous 
s o lu t io n  as these complexes was i n v e s t i g a t e d .
In the l a t e r  work some complexes o f  a r e la t e d  monothio-3 - d i ketone 
were studied  as ind ic ated  above f o r  the 3 -diketone complexes and used 
to  develop and apply an a n a l y t i c a l  method employing the s o lv e n t  e x t r a c t i o n  
o f  the metals from aqueous so lu t io n  and a n a ly s is  as the complexes 
by HPLC.
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TRACE METAL ANALYSIS BY HPLC OF SOME METAL COMPLEXES OF g-DIKETONES
6 •1 STABILITY, EXTRACTION AND UV STUDIES
The requirements f o r  the su c c e s s fu l  a p p l i c a t i o n  o f  HPLC to  the 
a n a l y s i s  o f  metal complexes have been o ut l i ne d  in Chapter 5 ,  to g e th e r  
with a resume o f  the approach to  the development o f  a method o f  a n a l y s i s  
using t h i s  technique.  In t h i s  chapter these c r i t e r i a  are appl ied  to  
the study o f  some complexes o f  g-d ik etones .
An i n d ic a t io n  o f  the s t a b i l i t y  o f  metal complexes towards 
d i s s o c i a t i o n  can be gained by a review o f  the l i t e r a t u r e  on t h e i r  
s t a b i l i t y  co nsta nts .  In general the s t a b i l i t y  o f  complexes o f  a c e t y l - 
acetone (HAA) i s  high and s t a b i l i t y  i n c rea se s  with i n c rea s in g  e l e c t r o ­
n e g a t i v i t y  o f  the metal ion and co v a le n t  c h a ra c te r  o f  the m e ta l - l iga n d  
bond, i . e .  in the order Mg < Zn < Co < Ni < Cu. S t a b i l i t y  a l s o  
in c re a se s  with i n c re a s in g  phenyl s u b s t i t u t i o n  o f  the l i g a n d .  The 
increa se  in s t a b i l i t y  o f  benzoyl acetone (HBA) complexes compared with 
HAA complexes i s  perhaps s u r p r is in g  in view o f  the s i m i l a r  p!<^ values 
o f  HAA and HBA. This e f f e c t  has been a t t r i b u t e d  t o  the l e s s  e f f e c t i v e  
s h ie ld i n g  o f  the metal atom from e xtern a l  conta cts  by a methyl group
15
as compared to  an aromatic r ing  . In c o n t r a s t ,  comparison o f  the 
s t a b i l i t y  data f o r  Cu(II)  complexes with HAA and a range o f  f l u o r i n a t e d  
g-diketones i n d ic a te s  a decrease  in s t a b i l i t y  in each case as would be
' CHAPTER 6
Table 6.1  p K ^  and s t a b i l i t y  constant data f o r  some (3-di ketones and 
some metal complexes1 5 >162" 3 (measured in 75% dioxan 25% 
water  a t  30° C)
Metal
Ligand Co(II) Cu(II) Mg( 1 1 ) Ni ( I I ) Zn(II)
HAA
(pKHA = 12.70)
log K1 
log K2 
log 32
9.22
7.86
17.08
11.85
10.74
22.59
7.49
6.09
13.58
9.34
8.06
17.40
9 .11
8.09
17.20
HBA
(pKHA = 12.85)
log K-j 
log K2 
log  32
9.42
8.41
17.83
12.05
10.96
23.01
7.69
6.40
14.09
9.58
8.42
18.00
9.62
8.28
17.90
HDBM
(pKHA = 13.75)
log K-j 
log K2 
log 32
10.35
9.70
20.05
12.98 
12.00
24.98
8.54
7.67
16.21
10.46
9.71
20.17
10.23
9.42
19,65
t r i f l u o r o -  
a c ety la c eto n e
log 32 - 17.2 - - -
hexafluoro -  
a c ety la c eto n e
log K-j - 4.3 - -
f u r o y l t r i -  
f lu o ro aceto ne
log 32 - 17.2 - - -
t h e n o y l t r i -
f luoroace tone
log 32 - 19.0 - ~
Metal n i t r a t e s  were used except  in the case o f  Cu(II)  and N i( I I ) where 
the c h lo r id e s  were used.
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expected from the lower pl<^ va lu es  o f  the f l u o r i n a t e d  l igan ds (See 
Table 6 . 1 ) .  Thus, on the b a s is  o f  c h e la te  s t a b i l i t y  HAA and the 
phenyl s u b s t i tu te d  l igands  HBA and dibenzoylmethane (HDBM) were s e l e c t e d  
f o r  t h i s  work. In a ddit ion  to the complexes o f  the metals in Table 6 . 1 ,  
the complexes o f  Co(III)  and Cr( I I I )  o f  a l l  three  l igan ds and the 
F e ( I I I )  and A l ( I I I ) complexes o f  HDBM were prepared in order to  compare 
the chromatographic c h a r a c t e r i s t i c s  o f  b i -  and t r i v a l e n t  metal complexes.  
Thus complexes o f  C o ( I I ) ,  C u ( I I ) ,  M g (II) ,  N i ( I I ) ,  Z n ( I I ) ,  C o ( I I I ) ,
Cr( I I I ) ,  F e ( I I I )  and A l ( I I I )  were considered.  For b r e v i t y ,  C u ( I I ) ,
Mg( I I ) ,  N i ( I I ) , Z n ( I I ) , C r ( I I I ) ,  F e ( I I I )  and A l ( I I I )  are r e f e r r e d  to  as 
Cu, Mg, N i , Zn, Cr, Fe and A l .
In general  the complexes were r e a d i l y  prepared in good y i e l d  by 
standard methods, i . e .  a) by re a c t i o n  o f  a s o lu t io n  o f  the $-diketone 
with a metal s a l t  s o lu t io n  buffered  a t  an appro pr iate  pH, with or 
without he a t ing ,  b) by re a c t io n  o f  the g-diketone with the metal oxide 
or hydroxide,  or c) by re a c t io n  o f  the $~diketone with the metal .  The 
complexes were g e n e r a l l y  s p a r i n g ly  so lu b le  in w a te r ,  a lc o h o ls  and 
saturated  hydrocarbon s o lv en ts  and so lu b le  in chloroform and acetone .
The complexes have a v a r i e t y  o f  s t e r e o c h e m i s t r i e s .  The t r i v a l e n t
9 5 164
complexes and Ni(AA)2 . 2 H2 0  are e s s e n t i a l l y  octahedral  9 and Co(AA) 2  
forms a polymer in which the Co atoms have approximately octahedral
95
environments ; the Cu(II)  complexes are square planar ; Mg(AA)2
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i s  te t ra h e d ra l  ; ZnJAA^.HgO has an i r r e g u l a r  5-co o rd in a te  s t r u c t u r e  . 
Ni(DBM)2.2H20 and Co(DBM)2 .2H20 are probably e s s e n t i a l l y  octahedral  
and Zn(DBM) 2  t e t r a h e d r a l , but the s t r u c t u r e s  o f  the remaining complexes 
are. l e s s  obvious due to  5 -c o o r d in a t i o n .  The po ly merisat ion  or formation 
o f  so lv a ted  complexes observed f o r  some o f  the b i v a l e n t  metals i s  
thought to  occur because the metals are c o o r d i n a t i v e l y  unsaturated in
the complexes and these compounds th e re fo re  have a tendency to  behave 
as Lewis ac ids forming base adducts o r ,  in the absence o f  b a se s ,  under-
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going s e l f - a s s o c i a t i o n  to g iv e  polymeric sp ec ies  .
The so lv e n t  e x t r a c t i o n  p r o p e r t i e s  o f  the metals under con s id era t io n  
with HAA, HBA and HDBM are summarised in Table 6 .2 .  Although the ra te  
o f  reaching equil ibr ium g e n e r a l l y  decreases with phenyl s u b s t i t u t i o n  o f  
the l i g a n d ,  the % e x t r a c t i o n  g e n e r a l l y  i n c r e a s e s ,  as d iscuss ed  in 
Chapter 2. With the except ion o f  C o (II I )  with HBA and HDBM and Cr ,  
the metals undergo so lv en t  e x t r a c t i o n  by organic s o lu t io n s  o f  the l i g a n d s .
I t  has been mentioned t h a t  while  a knowledge o f  the UV sp ec tra  o f  
the complexes i s  e s s e n t i a l  f o r  t h e i r  use in HPLC with UV d e t e c t i o n ,  a 
knowledge o f  t h e i r  r e l a t i o n s h i p  to  the sp ec tra  o f  the l i gands  may a ls o  
be advantageous, i . e .  i f  the complexes and l igand cannot be separated 
or i f  the l igand must be used in the e lu e n t .  The UV s p ec tra  o f  the 
complexes and l igands  were t h e r e fo r e  obtained and compared with the 
l i t e r a t u r e  data (See Table 8 . 3 ,  p . 135 ) .  The sp ectra  o f  HAA and the 
complexes except f o r  Cu, Co.(III) and Cr are s i m i l a r ,  having one strong 
absorption band a t  270-300 nm. These bands are thought to be due to
•k
t t - tt t r a n s i t i o n s  and Amax i s  apparent ly  not a simple fu nct io n  o f
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parameters such as s i z e  and charge o f  the metal ion . For the
C o (III)  and Cr complexes the bands a t  ^ 330 nm are thought to be due
*
to  metal l igand t r a n s i t i o n s  which r e s u l t  in a s p l i t  in the t t - tt
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band and a s h i f t  to  lower wavelengths . The spectrum o f  Cu(AA)£ 
has a band a t  ^ 250 nm which i s  not present  in the s p e c tr a  o f  the other 
HAA complexes and t h i s  i s  l i k e l y  to be due to l i g a n d —> metal charge
167
t r a n s f e r  . This proposed assignment im pl ies th a t  on i n c re a s in g  the 
e l e c t r o n  d e n s i ty  a t  the oxygen atoms by in c rea s in g  the ind uct iv e  e f f e c t  
o f  the s u b s t i t u e n t s ,  a reduction in band energy should occur.  The 
sp ec tra  obtained f o r  Cu(BA) 2  and Cu(DBM) 2  support  t h i s  assignment.  The
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Table 6.2 Summary o f  so lv e n t  e x t r a c t i o n  data f o r  some metals  by 
some $-diketones ,168-9
Ligand
Metal HAA HBA HDBM
Al ( I I I ) ft 90% e x t r a c t i o n  
pH 5-9
> 90% e x t r a c t i o n  
pH 5-10
80% e x t r a c t i o n  
pH 5-10
slow e q u i l i b r a t i o n
C o(II) 60% e x t r a c t i o n  
pH 8 . 1 - 8 . 4  
cyclohexane as 
s o lv e n t
100% e x t r a c t i o n  
pH 7 . 5 - 1 1 . 0
100% e x t r a c t i o n  
pH 7 .5 - 1 0 .0
C o (III) C o (II I )  formed on 
b o i l i n g  Co(II)  in 
presence o f  H?0? 
a t  pH 8-9 can be 
e x tr a c te d  a t  pH 1
no data a v a i l a b l e no data a v a i l a b l e
C r ( I I I ) complex formed on 
b o i l i n g  aqueous 
s o lu t io n  with HAA 
a t  pH 7 . 0 ,  ft 100% 
e x tr a c te d  pH 0-6 by 
1 :1  CHC13 :HAA.
not e x tra c te d  at  
room temperature
not e x tr a c te d  at  
room temperature
Cu(II) ft 90% e x t r a c t i o n  
pH 4-10
100% e x t r a c t i o n  
pH 4-9
ft 100% e x t r a c t i o n  
pH 4-9
F e ( I I I ) 100% e x t r a c t i o n  
pH 2 .5 - 7
100% e x t r a c t i o n  
pH 2-7
100% e x t r a c t i o n  
pH 2-4
Mg ( I I ) ft 60% e x t r a c t i o n  
pH > 12.5
slow e q u i l i b r a t i o n
100% e x t r a c t i o n  
pH > 10.5
slow e q u i l i b r a t i o n
100% e x t r a c t i o n  
pH > 9.5
slow e q u i l i b r a t i o n
Ni ( I I ) 20% e x t r a c t i o n  
pH 5-6
slow e q u i l i b r a t i o n
ft 80% e x t r a c t i o n  
pH 7 .5 - 10  
vigorous shaking 
necessa ry
100% e x t r a c t i o n  
pH 7 .5 - 1 1
slow e q u i l i b r a t i o n
Zn(II) ft 25% e x t r a c t i o n  
pH 8-10
100% e x t r a c t i o n  
pH 7-9
100% e x t r a c t i o n  
pH 8-11 ’ ;
e x t r a c t i n g  so lu t io n  = 0.1 M l igand in benzene except  f o r  Co(IX) with 
HAA, C o (II I )  and C r ( I I I )  }'■
sp ec tra  o f  HBA and HDBM have a band a t   ^ 250 nm which i s  a s s o c i a te d
with the benzoyl group, and high s e n s i t i v i t y  bands a t  longer wave-
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lengths which are a s s o c i a te d  with the conjugated system . The 
s p e c tr a  o f  the complexes fo l lo w  the same general trend as the corresponding 
HAA complexes, phenyl s u b s t i t u t i o n  r e s u l t i n g  in s h i f t s  o f  absorbance 
bands to  longer  wavelengths.  Some d is c re p a n c ie s  with the l i t e r a t u r e  
va lu es  were found and are d e t a i l e d  in Table 6 . 3 .  The values o f  emax
Table 6.3 Some d is c rep an cie s  with l i t e r a t u r e  values f o r  UV sp ectra
Complex e found max
(CHC13)(1 mole” 1 cm""1 )
l i t e r a t u r e  value  f o r  emax 
(CHC13 )(1 mole^cm"1 )
Co(DBM)3 e286 = x ^ e288 = 3 ’ 98 x ] ° 4 171
E3g2 = 2.23 x 10^ e380 = 1.26 x 1 ° 4 171
A1(DBM)3 e350 “  7 ' 87 * 1()4 e 3 4 8  = 4.47 x 104 172
Fe(DBM)3 e315 = 8,84 x £312 = 4.47 x 104 172
e400 “ x ^ e383 = 0.72 x 104 172
found f o r  Co(DBM)3 are c o n s i s t e n t  with the in c rea se  which would be 
expected f o r  the increa se  in phenyl s u b s t i t u t i o n  o f  the l i gand 
( f o r  Co(AA)3 £ 2 5 8  = 3.68 x 104 , = 0*88 x 10^; f o r  Co(BA)3
e267 = x e356 s ^*37 x 104 ) .  Consideration o f  the e 
va lue and melting point  obtained f o r  A1(DBM)3 (7.87  x 104 ; 300° C)
17 2  A
and the va lues presented by Singh and Sahai (4.47 x 10 ; 270° C) 
c a s t s  some doubt on the p u r i t y  o f  the complex which they used.
Although many o f  the complexes have UV sp ectra  s i m i l a r  t o  the 
l i g a n d ,  in some cases i t  should be p o s s ib le  to  d e te c t  the complex in 
the presence o f  the l i g an d.  For example, in Figure 8.1  ( p . 136) i t  
can be seen th a t  above ~ 315 nm HAA does not absorb ap p re c ia b ly  whereas 
Cu(AA)2 > Cr(AA)3 and Co(AA)3 have molar e x t i n c t i o n  c o e f f i c i e n t s  o f  
> 0.8 x 10^. S i m i l a r l y  in Figure 8.2 ( p . 137) i t  can be seen t h a t  
Cr(BA)3 and Co(BA)3 could be determined in the presence o f  HBA a t  
wavelengths above 4, 375 nm, and Cu(BA)o could p o s s i b ly  be determined at  
260 nm. For the HDBM complexes (see Figure 8 . 3 ,  p . 138) the most 
s u i t a b l e  wavelengths to  minimise l igand absorption are > *  385 nm or 
< 4/ 300 nm.
Having s e le c t e d  a s e r i e s  o f  metal complexes with high s t a b i l i t y
constants  and molar e x t i n c t i o n  c o e f f i c i e n t s  which are so lu b le  in i n t e r -/
mediate p o l a r i t y  so lv en ts  and can g e n e r a l l y  be e x t r a c t e d  from aqueous 
s o lu t io n s  o f  the metal ions by organic so lu t io n s  o f  the l i g a n d s ,  t h e i r  
chromatographic s t a b i l i t y  and separa tion  were considered using TLC.
I t  i s  well  known t h a t  the condit ions f o r  separa tions by TLC on
adsorbents can u s u a l ly  be r e a d i l y  t r a n s f e r r e d  to  HPLC, provided t h a t
the s o lv en ts  used are compatible with HPLC, with s l i g h t  adaptation
(see Chapter 4 ) ,  and i t  may a l s o  be p o s s i b le  to  approximate the
i n t e r a c t i o n  mechanisms involved  in bonded phase columns by using
p la t e s  with appropriate  c o a t i n g s ,  e . g .  s i l i c o n e  o i l ,  Carbowax, ethanolamine.
Therefore s i l i c a ,  alumina,  Bentone 38, s i l i c o n e  o i l  coated s i l i c a ,
Carbowax 400 coated s i l i c a  and ethanolamine coated s i l i c a  p la t e s  were 
used with a range o f  developing s o l v e n t s .  Summaries o f  the r e s u l t s  
obtained f o r  s i l i c a  and the oth er la y e r s  are given in Tables 6.4 and 6 . 5 .
The complexes which decomposed during TLC, i . e .  a l l  except those o f  
Co (II I )  and Cr,  are re fe r r e d  to  as l a b i l e .
Table  6 .4  Summary o f  TLC re su l t s  obtained using s i l i c a
Compound
Rp values in  the g iven developing s o lv e n t
Chloroform 75% dichloromethane 
in TMP
50% acetone in  TMP
HAA 0.61 0.24 0.55
HBA 0.73 0.39 0.58
HDBM 0.83 0.61 0.58
Cr(AA)3 0.39 0.05 0.50
Co (AA)3 0.39 0.03 0.44
Cu(AA)? 0.39,  0 . 6 1 (s) 0, 0 .24(s) Q.02(s)
Co (AA)2 0 . 6 1 (s) 0 .2 4(s) 0
Ni(AA)-2H20 0 . 6 1 (s) 0.2 4(s) 0
Cr(BA)3 0.60, 0.69 0 . 1 5 ,  0.31 0.52
Co (BA)3 0.58 ,  0.64 0 . 1 2 ,  0.24 0.52
Cr(DBM)3 0.86 0.66 0.50
Co (DBM)3 0.84 0.63 0.50
A'I(DBM)3 0.86, 0.83 0.61 0 .5 2 ,  0 .5 8 (sm all )
Fe(DBM)3
it
0.83
•k
0.61 0.58
oth ers as l igand as l igan d as l igan d
s = s tre a k in g
* = co lo ur  l o s t  s lowly  during migration
N.B. Other pola r  so lv en ts  (THF, 1 ,2-dimethoxyethane) and hydrocarbon 
s o lv e n ts  (hexane, cyclohexane) were considered as c o n s t i tu e n ts  o f  the 
developing  s o lv e n t ;  no separa tion  o f  the complexes, except those o f  
Cr and Co (III)  from the l i g an d.
TMP = trimethylpentane
Table 6.5 Summary o f  the TLC re su l t s  obtained using var ious th in - l a y e r s
T h in - la y e r Developing so lv en t Resul t
alumina
( a l k a l i n e )
50% chloroform in TMP or 
10% b u ta n - l - o l  in TMP
HDBM complexes; no 
separation from HDBM: 
residue at  o r i g i n  except  
f o r  Cr and Co(III)  
complexes
Bentone 38 hydrocarbon s o lv en ts  or 
methanol;
a cetonitr i l e/m ethanol
HDBM complexes; no 
migration
s tr eaking  f o r  l a b i l e  
complexes
s i l i c o n e  o i l  
coated s i l i c a
methanol, a c e t o n i t r i l e ,  
water,  and a range o f  
mixtures o f  these 
so lv en ts
l a b i l e  HDBM complexes; 
no separa tion  from HDBM, 
stre aking
Carbowax 
400 coated 
s i l i c a
10% chloroform in TMP or 
10% THF in TMP
HBA and HDBM complexes; 
no migration f o r  Cr and 
Co(III )  complexes, no j 
separation o f  l a b i l e  | 
complexes from l i g a n d s ;  
f o r  Cu(BA)2 blue spot a t  
o r ig in  stre ake d t o  RF 
HBA r
ethanolamine
coated
s i l i c a
50% chloroform in TMP HDBM complexes; Cr and 
Co(III)  complexes 
migrated to  s o lv e n t  f r o n t ,  
no separa tion  o f  l a b i l e  
complexes from HDBM
Decomposition o f  the l a b i l e  complexes was e v ide nt  si n c e  the spots 
obtained were not separated from those o f  the corresponding l igan ds  
f o r  a range o f  s t a t i o n a r y  phases and developing s o l v e n t s .  In some 
cases decomposition could be observed as lo s s  of  co lo u r  o f  the sp ot  
during development (Fe(DBM)3 , Cu(AA)2 , Cu(BA)2) ,  s t re a k in g  (Cu(AA)?s 
Cu (BA)2 s Co(AA)2# Ni (AA)2 .2H20) j or  the presence o f  two spots (A1(DBM)3).  
The Cr and Co(III)  complexes, however, re ta in ed  t h e i r  co lo ur  and were
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separated  from the corresponding l i gand on a range o f  s t a t i o n a r y  
phases with se vera l  developing s o l v e n t s ,  i n d ic a t in g  chromatographic 
s t a b i l i t y .
The decomposition o f  the l a b i l e  complexes on the range o f  
s t a t i o n a r y  phases considered i n d i c a t e s  th a t  the decomposition i s  not 
caused e x c l u s i v e l y  by a c i d i c  or b a s i c  s u r f a c e s .  Although coated 
p l a t e s  cannot be considered to  completely exclude a d so rpt ive  i n t e r a c t i o n s ,  
some improvement in s t a b i l i t y  might be expected i f  t h i s  type o f  
i n t e r a c t i o n  i s  the cause o f  decomposition.  This i s  appare nt ly  the 
case with Carbowax 400 coated p la t e s  s ince  Cu(BA)2 was p a r t i a l l y  s t a b l e  
whereas i t  decomposed on a l l  the other la y e r s  used,  although no 
improvement was observed f o r  s i l i c o n e  o i l  coated p l a t e s .  This i s  
p o s s i b l y  because Carbowax can i n t e r a c t  more s t r o n g l y  than s i l i c o n e  o i l  
with the a c t i v e  adsorbent s i t e s ,  preventing the complexes from i n t e r a c t i n g  
with the adsorbent;  the strength o f  complex-Carbowax i n t e r a c t i o n s  i s  
a l s o  g r e a t e r  than f o r  com p!e x-s i l i cone  o i l  i n t e r a c t i o n s  due to  the 
s o l u b i l i t i e s  o f  the complexes, and t h i s  might again reduce complex- 
adsorbent i n t e r a c t i o n s .
Since some o f  the l a b i l e  complexes are known to  form base adducts 
in order to achieve a satu rate d  coordinat ion  sphere,  i t  i s  p o s s i b le  t h a t  
t h i s  type o f  i n t e r a c t i o n  i s  occu rr ing  with the su rfa c e  groups on the 
adsorbents and c o n tr ib u t in g  to  decomposit ion.  This behaviour would 
exp la in  the lack o f  migration o f  Cu(AA)2 , Co(AA)2 and Ni(AA)2 .2H20 with 
50% acetone in TMP as developing so lv e n t  (see Table 6 . 4 ) .  However, the 
use o f  ethanol amine coated p la te s  and ethanol amine sa tura te d  developing 
s o lv e n t  would be expected to  i n h i b i t  decomposition due to t h i s  f a c t o r  
as well  as by reducing adso rp ti ve  i n t e r a c t i o n s ,  and t h i s  was not found.
Bentone 38 was t r i e d  as an adsorbent since  bentones ( d e r i v a t i v e s  
o f  magnesium montmoril lonite conta ining organic c a t io n s )  have found
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a p p l i c a t i o n  in the TLC and LC separa tion o f  polyphenyl isomers,  
and the extern al  ' s h e l l '  o f  the HDBM complexes could be considered to  
be s i m i l a r  to  these compounds. However, the range o f  s o lv en ts  
which can be used with Bentone 38 i s  reported to be confined by 
sw e l l i n g  problems to a lc o h o ls  and hydrocarbon s o l v e n t s ,  l i m i t i n g  i t s  
use as a s t a t i o n a r y  phase f o r  the B-diketone complexes studied due to  
t h e i r  low s o l u b i l i t i e s  in these s o l v e n t s .  The s t re a k in g  observed 
with a ceto nitr i l e/ m e tha no l  as developing so lv en t  may have been due to 
sw e l l i n g  o f  the s u r f a c e ,  or decomposition o f  the complexes which points  
to  the cause o f  decomposition being a surface  e f f e c t .
TLC on s i l i c a  was i n v e s t i g a t e d  in more d e t a i l  s i n c e  i t  i s  probably 
the most commonly used substr ate  in TLC and HPLC: The r e s u l t s  obtained
f o r  the TLC o f  HAA complexes on s i l i c a  with chloroform as developing
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s o l v e n t  are not c o n s i s t e n t  with the r e s u l t s  o f  Tsunoda e t  a]L who 
re ported  minimal migration f o r  some o f  the complexes used in t h i s  stu dy.  
They did not re p o rt  the behaviour o f  HAA, Mg(AA)2 and ZnfAA^.HgO. 
However, the r e s u l t s  obtained with the Cr and C o(III )  complexes o f
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HAA and HBA are comparable to  those reported by Saitoh and S u s u k i .
With chloroform and 75% dichloromethane in TMP as developing s o lv en ts  
(see Table 6 .4)  the order o f  migration i s  the same as t h a t  o f  the- 
l i g a n d s ,  i . e .  Rp HDBM > HBA > HAA, Rp Cr > Co(III )  f o r  each p a i r  o f  
complexes and Rp complex > l ig an d.  The use o f  a deve loping s o lv e n t  
conta in ing  a ketone (50% acetone in TMP) did not markedly reduce 
decomposit ion o f  the complexes as was suggested to  be the case in the s
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study o f  2 - t h e n o y l t r i f lu o r o a c e t o n e  complexes ; a l s o ,  f o r  the Cr and 
C o (I I I )  complexes o f  HBA and HDBM Rp Cr = Co(III)  and f o r  a l l  Cr and 
C o ( I I I )  complexes Rp l igand > complex. Thus a chloroform or d i c h l o r o -
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methane based e lu e n t  would be p re fe ra b le  to  an acetone based e lu e n t  f o r  
HPLC s tu d ie s  o f  the Cr and C o(III )  complexes on s i l i c a  since  re s o lu t i o n  
o f  the complexes should be g r e a t e r  and the l igand e lu t e d  a f t e r  the 
complexes,  in ad dit io n  to the s up er io r  UV pro p e rt ies  o f  these s o l v e n t s .  
The s l i g h t  d i f f e r e n c e s  in e x te n t  o f  decomposition observed f o r  some 
complexes in d i f f e r e n t  s o l v e n t s ,  i . e .  Cu(AA)2 , Co(AA)2 , Ni(AA)2<2H20 
and A1(DBM)3 , show th a t  so lv e n t  e f f e c t s  do have some i n f lu e n c e  on the 
type o f  i n t e r a c t i o n  which causes decomposition o f  the complexes.
I t  i s  o f  i n t e r e s t  to note th a t  two spots were obtained f o r  Cr(BA)2 
and Co(BA)2 with chloroform or 75% dichloromethane in TMP as developing
s o l v e n t s .  According to  the s o l u b i l i t y  data these spots may be 
ass igned to  the c i s  and trans (Rp c i s  < Rp trans)  isomers:
Since the phenyl groups are s i t u a t e d  on the same s id e  o f  the molecule 
in the c i s  isomer i t  would be expected to  be more p o la r  than the t ra ns  
isomer.  With 50% acetone in TMP as the developing s o lv e n t  Cr(BA)3 
and Co(BA)^ were not re solved  i n to  t h e i r  isomers,  an unusual r e s u l t  
f o r  chromatography in the adsorption mode. Thus with t h i s  s o lv e n t
175
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Cr(BA) 3 and Co(BA)3 could more r e a d i l y  be used in q u a n t i t a t i v e  metal 
determinat ions,  f o r  although complexes which have isomers which are 
separated by the chromatographic process have been used f o r  q u a n t i t a t i v e
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metal a n a ly s is  by GC , s e n s i t i v i t y  i s  decreased and separations 
complicated by t h i s  s i t u a t i o n .
When Fe(DBM)3 was chromatographed using 50% chloroform in TMP
containing 0 .0 1 ,  0.1 and 1.0% HDBM (w/v), i n h i b i t i o n  o f  decomposition
was observed.  With 0.01% HDBM two spots were seen,  one red (Rp = 0 .1)
and one with the same Rp as HDBM (0 .8 ) .  With the higher c oncentra ti ons
o f  HDBM in the so lv e n t  one red spot was obtained (Rp 0.2 and 0.6 f o r
0.1% and 1.0% HDBM r e s p e c t i v e l y ) .  I t  can be seen t h a t  as well  as
reducing decomposition the presence o f  HDBM increased migration o f
the complex. This e f f e c t  accounts f o r  the suc c e ss fu l  TLC o f  metal
ions as t h e i r  a c e ty la c e to n a te s  and benzoylacetonates using a developing
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s o l v e n t  containing the l igand and the improved migration o f  some metal
6 3
a c e t y la c e t o n a t e s  with a so lv en t  conta ining a c ety l  acetone
Although the TLC stu dies  o f  the g-diketone complexes i n d ic a t e  
a number o f  the complexes have a low chromatographic s t a b i l i t y ,  the 
cause o f  decomposition cannot be deduced with any c e r t a i n t y .  Since the 
speed o f  a n a ly s is  by HPLC and the c lo sed  system involved may reduce 
decomposition and the sub s tra tes  a v a i l a b l e  may be s u f f i c i e n t l y  d i f f e r e n t  
to  the t h i n - l a y e r s  used to preclude decomposition,  the complexes must 
be considered again f o r  chromatographic s t a b i l i t y  in the high performance 
mode. The use o f  bonded s t a t i o n a r y  phases,  where most o f  the a c t i v e  
su rfa c e  groups are removed by s i l a n i s a t i o n ,  and the e x c lu s io n  mode may 
reduce decomposition due to adso rpt ive  i n t e r a c t i o n s  s ince  t h i s  type o f  
i n t e r a c t i o n  i s  g e n e r a l l y  absent in chromatography using these  s u b s t r a t e s .  
A ls o ,  TLC i n d ic a t e s  th a t  the Cr and Co(III )  complexes can be separated
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With ease and i t  should th e re fo re  be poss ib le  to  develop a n a l y t i c a l  
methods using these complexes and to  observe the e f f e c t  o f  the molar 
e x t i n c t i o n  c o e f f i c i e n t  on the s e n s i t i v i t y  o f  the method.
6.2 HPLC STUDIES
Considerat ion o f  a range o f  g-diketone complexes showed t h a t  
in general they f u l f i l  the c r i t e r i a  f o r  a p p l i c a b i l i t y  to a n a ly s is  by 
HPLC with UV d e t e c t i o n ,  except th a t  o f  chromatographic s t a b i l i t y  as 
in d ic a te d  by TLC. The HPLC s tu die s  th e re fo re  commenced with fu r t h e r  
screening  o f  the complexes f o r  s t a b i l i t y  using the range o f  columns 
a v a i l a b l e .  I t  should be noted t h a t  the l i q u i d  chromatograph which 
was g e n e r a l l y  used in t h i s  stu dy,  the Chromatronix 3100, has a d i r e c t  
pressure pumping system where gas pressure works on mobile phase 
contained in a c o i l  r e s e r v o i r .  Thus the disadvantages o f  t h i s  type 
o f  system (see Chapter 4) were inherent in t h i s  study ,  i . e .  scouting  
work with mobile phases was inconvenient and time consuming, base 
l i n e  d r i f t  was common, f low ra te  was d i f f i c u l t  to contro l  and bubbles 
in the d e t e c t o r  and blockages were a problem. However, the lo s s  o f  
s e n s i t i v i t y  due to f i x e d  wavelength (254 nm) was p a r t i a l l y  compensated 
f o r  by the low base l i n e  noise a t  high s e n s i t i v i t y .  A ls o ,  the 
disadvantages o f  loop i n j e c t i o n  ( i . e .  l im ited  sample volume and the 
n e c e s s i t y  f o r  loop c le ara nce  between samples a t  high s e n s i t i v i t y  and 
f o r  q u a n t i t a t i v e  a n a ly s i s )  were o f f s e t  by the ease o f  i n j e c t i o n  and 
freedom from problems due to  septum p a r t i c l e s .
A summary o f  the r e s u l t s  obtained f o r  HBA and HDBM complexes on 
a range o f  columns i s  given in Table 6 . 6 .  The r e s u l t s  f o r  a l l  columns 
except ySty ragel  i n d ic a te d  t h a t  the use o f  e lu ents  with high hydrocarbon 
content (normal phase packings) or high water content ( re ve rse  phase
-94-
ft3ft
IO
E l—’ * r -
f t ) E cd 4 -
cu o f t  P
n VI CD <r-
cd f t  f t j
id CD4-> f t j O I f t
<U £3 o
f t cd U) T -* o03ft >>-o 
• i -  r -  ta  
m  4-* a  
+ > £  t .  
CD D U D  
f t  * r -  ft i— II =J IA
<13 p1— x>cu'idS 4J rd 03 if, -a
P
o
o•I—
4-»
C_i P  
- J  f t  Cu' td f t  CU
> > ■ 2
i o
VO
01
oo
LO
i a a
c o  i—  
C f  ,  o
O  C_J f t  IS ) <« *t- f t  o
r o  p  o  •«
- o  •<- - o  <Ifl CT3S« ft 
CD rd  f t )  CJ 
X
03 LO r -  C l C  O  ^  W
a x  O  4-> *“ « - x
E  03 ------ (OO r — ---- -
O  CU * f > P  O  Q - 
E  a c o  
3  O  L  (J  CU
f t j  CJ (O 3  — -  I—
f t  I—  CU CU 
• o  i -  03 03 
C  CD ,S Iid  
u iid  f t  - o  CD4-1 C f t  C . 
f t  O  td  P  S- C_3 CD
f t  c t :  o  c v s f t1  O  p  P
- — 4 -  u l  O  o1-1 ft) CU CM 
P I  Ul C  S  f t  "  i—i - i i  id  I—* O  c c  
—  td  a i  
O  CD *i— 4 ~  f t  f t  o  cu<— a o c_>
cu c  
f t  id
° £
£ g
o  o  
4 -  f t  
o  oft i— O ft 
I—  u  ft *1- 
(_> f t )
A
cd E  .3 - >1 too 1 «=f »—  O•I— f t  fd " i—  'r—• ft I—• O  1 to  r—CO f> ' r - Ul O  f t -  le­
E  u i f t )  CO O  Ul
<d <i~• r -  Ul P  UlUl LO 33 O  t f  f t  33td  O CO P  OJ Of t  1 f t f t j  f t  CU f to s  o > 1 0 )  3  OCU CO c u >  -Q  u l  CU
P
oft
o
P
o Ul
JC
CD cd
Ul <D
cd CU
<33
f t ft
O •P
f t f t
CD
33
f t
O ID
4 -  r -
O  O
t/>
3D P
f t  •«
Ul CD C
CD P
f t  f<
c u  o  a n
E uId CD
Ul f t  EH 
CD fd  
i—  P  O  
r™ cd CD 
<  2  J3I
ft
CD r— 
P  Oid c
3 : id  
f t  
p  
IO  CD 
cvJ E
E
CD 3 . > ,
u l >d* Pft « -t-
CD l f t  CO—
>  O  Id  r— td  
CD CO (—  c_i c  
5- 33 I O•A O ft) -r- 
CJ CD ■>- CD P  
Id  u i  I—  f t j  O  ft) Id I— ft ft 
> , f t  OJ O  33
>  CU C U P  P
H -  OT -
4 -  P  O ft 
CD 
f t  4-»
O  CD *r- S- 
P
• t "  f t j  
f t )  CD 
f t )  Ui*? nJ • 
0) <
• U  CO 
3 0  f t  
• i -  CD
Ul E
CD 4-> id  
i—  c  o
g ft
o
*+- O  r -o c :  o
r tj cz
o S Zr— +~> . cJ T a> •*->O E  a*
f t  u i 
id  cd I— ft
o  c u I c
E
ft?  ru  o  - o  t
CJ O) «d- T -  ID 4-3id ft) >d- r— ftj <Jftj (0 i i— c  c
> , 0  0  0 ) O  33
> a n  c u  f t  P
idIDCU
CO
03 '
2  ok 4 J 
C3 2  o  
o  E
4-1 Oft Lf) ft
03 i CO • ' f t l
packings)  in order to achieve r e ten t io n  o f  the l a b i l e  complexes led 
to  decomposition.  Detection was d i f f i c u l t  with these e lu ents  due 
to  the low s o l u b i l i t y  o f  the complexes in saturate d  hydrocarbon 
s o lv e n ts  and water;  t h i s  problem cannot be overcome by i n j e c t i n g  a 
s o lu t io n  o f  the complex in a medium p o l a r i t y  s o lv e n t  because in t h i s  
s i t u a t i o n  the sample i s  e lu te d  in i t s  own so lv e n t  a t  the so lv e n t  f r o n t .
The inadequate re te n t io n  c h a r a c t e r i s t i c s  noted f o r  Po ra s i l  B and Vydac 
adsorbent f o r  the Cr and C o (III)  complexes are c o n s i s t e n t  with the 
la rg e  p a r t i c l e  s i z e  o f  the packings and the s u p e r f i c i a l l y  porous nature 
o f  the Vydac adsorbent.
The separa tion  obtained on yS ty ra gel  i s  o f  i n t e r e s t  since  l i t t l e  
a t t e n t i o n  has centered on the a n a ly s is  o f  metal complexes using the 
e x c l u s i o n  mode. The s tu d i e s  which have been reported have been concerned 
predominantly with t h e o r e t i c a l  co nsid erati o ns  o f  the mechanism o f  the
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com plex-gel -so l  vent i n t e r a c t i o n s  and the a n a ly s is  t imes are long 
(approx. 1 h r . ) .  Although t h e o r e t i c a l l y  the e x c lu s io n  mode should 
a l lo w  separa t io ns  o f  l a b i l e  compounds without the undesirable  chemical 
and phys ical  i n t e r a c t i o n s  found in oth er LC modes, i t  has been reported
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t h a t  t h i s  i s  not always the case f o r  metal complexes . However, 
although decomposition o f  Zn(DBM)2 was ind ic a te d  by the broad,  asymmetric 
peak s i m i l a r  to  th a t  f o r  HDBM which was obta ined,  Fe(DBM)3 and Cu(DBM)2 
were appare nt ly  s t a b l e ,  g iv in g  symmetrical peaks.  The separat ion  o f  
these  complexes, which were found to  decompose on a v a r i e t y  o f  o th er 
s u b s t r a t e s ,  demonstrates the p o te n t i a l  o f  the e x c lu s io n  mode f o r  the 
a n a l y s i s  o f  metal complexes. The n e c e s s i t y  f o r  using two columns in
s e r i e s  and r e c y c le  chromatography to  obtain the separat io n  o f  Fe(DBM)~,s
Cu(DBM)2 and HDBM, which have s i g n i f i c a n t l y  d i f f e r e n t  molecular w e ig h ts ,  
i s ,  however, r a th e r  l i m i t i n g  due to  expense and lo s s  in s e n s i t i v i t y  during 
r e c y c l i n g .
On Parti  s i  'I 10 (250 mm, 4.6 mm I.D column, 10 ym porous s i l i c a
packing) with chloroform as e l u e n t ,  HBA, HDBM and the l a b i l e  complexes
gave broad, asymmetric peaks;  a ddit ion  o f  methanol to  the e lu e n t
decreased r e te n t io n  and in creased  peak height  f o r  the l i gands but did
not improve peak symmetry and t a i l i n g .  This behaviour and the broad,
asymmetric peaks obtained on the other columns (see Table 6 .6)  may be
a t t r i b u t e d  to  keto-enol  e q u i l i b r i a  o f  the g-dik eto nes.  The enol form
i s  l i k e l y  to  be s t r o n g l y  re ta ined  by the most a c t i v e  s i t e s  on an
adsorbent s u r f a c e ,  thus s h i f t i n g  the equil ibr ium as the sample passes
down the column and g iv in g  a very t a i l i n g  peak. This i s  c o n s i s t e n t
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with the observat ion  o f  i r r e g u l a r l y  shaped peaks f o r  some ketones 
Although t h i s  behaviour c o n tr a s ts  with the TLG s t u d i e s ,  where e l l i p s o i d  
spots without t a i l i n g  were observed f o r  the l i g a n d s ,  d i f f e r e n c e s  in 
surfa c e  a c t i v i t y ,  su b s tra te  preparation and the presence o f  a binder in 
the TLC p la te s  may account f o r  t h i s .  Decomposition o f  Cu(BA)2 and 
Cu(DBM)2 was proved by comparison o f  the UV spectra  o f  the e l u a t e s  with 
a u th e n t ic  s p e c tr a .  Although in most other cases the l igand and complex 
sp ec tra  are too s i m i l a r  to  a l low proof o f  decomposition in t h i s  way, 
the f a c t  th a t  i d e n t i c a l  peak shapes and rete ntion times to  the l igands  
were found,  to g eth e r  with the r e s u l t s  o f  the TLC s t u d i e s ,  was taken as 
s u f f i c i e n t  evidence o f  decomposit ion.  The UV sp e c tra  o f  the Cr and 
C o ( I I I )  complexes matched a uthe nt ic  s p e c t r a ,  proving the s t a b i l i t y  o f  
these  compounds.
\
The addit ion  o f  HBA or HDBM to  the e lue n t  in an attempt to  i n h i b i t
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decomposit ion was l im ite d  to  a concentrat ion o f  4 x 10 M by lo s s  o f
s e n s i t i v i t y  o f  the d e t e c t o r .  This concentration i s  low in comparison
16 0
to the concen tration  o f  HAA used by Huber e t  a]_. to i n h i b i t  decom­
p o s i t i o n  (10~  ^ M), and the peak shapes o f  Fe(DBM)3 , Cu(DBM)2 and Cu(BA)2 
were not s u b s t a n t i a l l y  improved. I t  i s  c l e a r ,  however, th a t  t h i s  approach
to the i n h i b i t i o n  o f  decomposition could be useful  i f  a v a r i a b l e  wave­
length d e t e c t o r  i s  a v a i l a b l e  and the UV sp ectra  of  the l igand and 
complex are s u f f i c i e n t l y  d i f f e r e n t  a t  any wavelength.
In the absence o f  a column s u i t a b l e  f o r  the a n a ly s is  o f  the 
complete range o f  complexes under c o n s id e ra t io n ,  f u r t h e r  s tu die s  
concentrated on the complexes which f u l f i l l e d  the major requirements 
f o r  HPLC with UV d e t e c t i o n ,  i . e .  the Cr and Co(III)  complexes, using 
a Part i  s i  1 10 column. F i r s t l y  the e f f e c t s  o f  in c rea s in g  phenyl 
s u b s t i t u t i o n  o f  the l igand on s e n s i t i v i t y  o f  d e te c t io n  o f  the complexes 
and separat io n  parameters were considered,  and then the complexes with 
the h ig he st  s e n s i t i v i t y  were used f o r  fu r t h e r  work. A f t e r  s e l e c t i n g  
a s u i t a b l e  e lue n t  and optimising  conditions  f o r  t r a c e  a n a ly s is  (see 
Chapter 4 ) ,  the l i m i t a t i o n s  o f  the c o n d it io n s ,  i . e .  d e t e c t o r  l i n e a r i t y ,  
r e l a t i v e  sample s e n s i t i v i t i e s ,  the separat ion o f  mixtures ,  were 
i n v e s t i g a t e d .  F i n a l l y  i t  was demonstrated t h a t  the metals could be 
e x t r a c t e d  from aqueous so lu t io n  as the complexes and the e x t r a c t  analysed 
by HPLC.
A comparison o f  the s e n s i t i v i t i e s  f o r  the HBA and HDBM complexes 
o f  Cr and Co (III)  with the HAA complexes, obtained by comparing d e t e c t o r  
response f o r  unretained peaks o f  the complexes, gave the r e s u l t s  
presented in Table 6 . 7 .
Table 6 .7  Comparison o f  s e n s i t i v i t i e s  f o r  the Cr and C o (III)  complexes 
(254 nm)
Complex S e n s i t i v i t y  r e l a t i v e  
to  HAA complex
T heoreti ca l  r e l a t i v e  s e n s i t i v i t y  
a t  254 nm (CHCU) (see Table 8 .4 ,
p. 139)
Cr(BA)3 1.92 2.55
Cr(DBM)3 2.30 3.47
Co(BA)3 1.25 1.33
Co(DBM)3 1.05 1.23
Although s e n s i t i v i t y  a t  254 nm i s  enhanced by i n c re a s in g  phenyl
s u b s t i t u t i o n  o f  the l igand f o r  the Cr complexes, d e te c t i o n  a t  254 nm
does not show t h i s  trend f o r  the C o (III)  complexes although i t  i s
seen on insp e c t ion  o f  the molar e x t i n c t i o n  c o e f f i c i e n t s  a t  . The
max
s e n s i t i v i t i e s  r e l a t i v e  to  the HAA complexes were lower than the t h e o r e t i c a l  
v a l u e s ,  p o s s i b l y  due to  s p ec tra l  s h i f t s  caused by the e lu e n t  (3% 
methanol in chloroform) or d i f f e r e n c e s  between the d e t e c t o r  and the 
spectrophotometer used to obtain the sp ectra  o f  the complexes.
The e f f e c t  o f  i n c re a s in g  phenyl s u b s t i t u t i o n  o f  the l igand on the 
chromatographic p r o p e r t ie s  o f  the complexes i s  shown f o r  the HAA and 
HDBM complexes in Figure 6 . 1 .  I t  can be see t h a t  the strength  o f  
i n t e r a c t i o n s  o f  the complexes with the absorbent decrease  with i n c re a s in g  
phenyl s u b s t i t u t i o n  o f  the l i g a n d ,  n e c e s s i t a t i n g  the use o f  a l e s s  po la r  
e l u e n t .  This i s  c o n s i s t e n t  with the so lv e n t  e x t r a c t i o n  data (see Table 
6.2 )  f o r  the complexes, where % e x t r a c t i o n  inc rea se s  with in c rea s in g  
phenyl s u b s t i t u t i o n  o f  the l ig a n d .  The chromatograms obtained f o r  
Cr(BA)3 and Co(BA)3 (see Figure 8.5 p . 151) show the separa tion  o f  the 
c i s  (second peak) and trans isomers,  as found in TLC s t u d i e s ,  and 
demonstrate the p o t e n t i a l  o f  HPLC f o r  use in p re p a ra t iv e  inorganic  
chemistry .  T h e o r e t i c a l l y  the r a t i o  o f  the c i s  and trans  isomers in 
the crude complexes should be 1 : 3 and r e c r y s t a l l i s a t i o n  should 
decrease  the proportion o f  the more polar c i s  isomer. However, the 
r a t i o  1 : 3 (approx.)  was found f o r  both crude and r e c r y s t a l l i s e d  
m a t e r i a l .
The HDBM complexes were chosen f o r  fu r t h e r  study si n c e  the h ig h e st  
s e n s i t i v i t y  a t  254 nm f o r  the Cr complexes was obtained f o r  Cr(DBM)3 ; 
although the s e n s i t i v i t y  a t  254 nm f o r  Co(BA)3 > Co(DBM)3 , i t  can be seen 
from the UV sp ectra  t h a t  t h i s  i s  not the case a t  other wavelengths and 
th e r e fo r e  with the use o f  a v a r i a b l e  wavelength d e t e c t o r  the s e n s i t i v i t y
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Figure 1.1 Comparison o f  chromatograms f o r  Cr(AA)9 and Co(AA)9 , and 
Cr(DBM)3 and Co(DBM)3 J
40 pi 2.5 x 1 0 ' 5 M in 
C r(A A ) , ,  2.5 x TO-5 M 
Co(AA)3 s o lu t io n
Eluent = 1% isopropanol
in dichioromethane
flow ra te  = 1 . 6  ml/min
Detector s e n s i t i v i t y  = 0.16 
absorbance u n i ts  f u l l  s c a l e  
(AUFS)
min
0 1
min
Eluent = 60% dichloromethane in TMP (50% water  saturated )  
f low r a te  = 2 . 6  ml/min
f o r  Co(DBM)3 would be g r e a t e r .  The e lu ent  was s e l e c t e d  on the b a s i s  
o f  the TLC r e s u l t s ;  thus a hydrocarbon so lvent/chloroform or d ic h lo r o -  
methane mixture was i n d i c a t e d .  TMP was the prefe rre d  choice f o r  the 
hydrocarbon c o n s t i t u e n t  due to  i t s  r e l a t i v e l y  low v i s c o s i t y  and s u i t a b i l i t y  
f o r  UV work; dichloromethane was s e l e c t e d  in preferen ce  to  chloroform 
because o f  i t s  lower v i s c o s i t y  (0.44 compared with 0 .5 7 ) .
The conditions  f o r  the separation  o f  Cr(DBM)3 and Co(DBM)3 were 
optimised f o r  t ra c e  a n a l y s i s ,  i . e .  to  giv e  k'  values in the 0.5 - 1 .5  
range,  Rg = 1 .5  -  2 .0 ,  and to  g iv e  a short  a n a ly s is  t ime.  The r e s u l t s
f o r  three  e lu e n ts  are given in Table 6 .8 .  Peak he ights  are quoted in
absorbance u n i t s ,  AU, and the parameters t ^ s k'  and Rs are def ined in 
Chapter 4. I t  can be seen t h a t  the s e l e c t i o n  o f  an e lu e n t  g iv in g  k ‘ 
values in the 0.5 - 1 .5  range,  i . e .  60% dichloromethane in TMP, in v o lv e s  
a compromise between higher s e n s i t i v i t y  with long a n a ly s is  time and 
inadequate re s o lu t i o n  (75% dichloromethane in TMP), and low s e n s i t i v i t y  
with good r e s o lu t i o n  and interm ediate a n a ly s is  time (40% dichloromethane 
in TMP) as predic ted  by the theory (see Chapter 4) .
Table 6 .8  D e t a i l s  o f  chromatograms o f  CrfDBMK and Co(DBMU with three
e lu e n ts  (40 y l  i n j e c t i o n s ,  10"° M in Cr(DBM)3
10~6 M in Co(DBM)3 so lu t io n )
Eluent
(50% water 
satu rate d)
flow 
ra te  
(ml/min)
t  Cr R
(min)
t  Co 
R
(min)
p k .h t? r
(AU)
p k .h t80
(AU)
k ,Cr k .c°
RS
a n a l .
time
(min)
75% d i c h l o r o ­
methane in TMP
0.5 7.50 8.13 0.011 0.011 0.18 0.28 1 .1 9.0
60% d i c h l o r o ­
methane in TMP
2.6 2.10 2.47 0.006 0.007 0.66 0.92 1 . 7 2.6
40% d i c h l o r o ­
methane in TMP
2.5 4.27 5.40 0.002 0.002 2.1 3 2.95 2.2 5.8
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The l i n e a r  range o f  the d e t e c t o r  was determined by comparison o f  
d e t e c t o r  response f o r  s o lu t io n s  o f  a range o f  concentrations  and found 
to  be 3 - 4 orders o f  magnitude. This range o f  l i n e a r i t y  f o r  HPLC 
with UV d e tec t io n  has a l s o  been found f o r  organic compounds and metal 
c h e la te s  with s i m i l a r  molar e x t i n c t i o n  c o e f f i c i e n t s  to  Cr(DBM)3 and 
Co(DBM)36.
The r e l a t i v e  sample s e n s i t i v i t i e s ,  or concen trations o f  the complexes
which cause a peak with a h e ight  th a t  i s  twice the value o f  the n o i s e ,
-8
were found to  be 10 M (40 yl  i n j e c t i o n s ) .  This i s  e q u iv a l e n t  to  
-11
2 x 10 g o f  each metal and re presents  a s i g n i f i c a n t l y  higher  s e n s i t i v i t y  
than the d e te c t io n  l i m i t s  o f  ng l e v e l s  o f  metals reported by oth er workers 
using c h e la te s  with comparable molar e x t i n c t i o n  c o e f f i c i e n t s .  This i s  
p o s s i b l y  due to  the low number o f  t h e o r e t i c a l  p l a t e s ,  N, obtained in
5' 9 10
some s t u d i e s .  Although t h i s  i s  to be expected in some cases 5 9 because
the su b s tra te s  used were > 10 ym, low values (300-500 f o r  250 or 300 mm
columns) were obtained f o r  N,N‘ - e t h y le n e b is (a c e ty la c e to n e im in e )  and N,N‘ -
e t h y l e n e b i s ( s a l i c y l a l d i m i n e )  c h e la te s  on m i c r o p a r t i c u la te  (10 ym)
6 8
su b s tr a te s  5 . S i m i la r  va lu es  f o r  N to  those obtained in t h i s  study 
were found f o r  d ie th y ld i th io ca rb a m a te  complexes(N = 1000 - 1600, 250 mm 
column, 8 ym p a r t i c l e s ) ,  but the reported d e tect io n  l i m i t s  are s t i l l  in 
the ng range.
I t  was found th a t  while  Cr(DBM)3 , the f i r s t  e lu te d  peak, could be 
determined accurately-  in the presence o f  1000-fold excess  o f  Co(DBM)3 , 
Co (DBM)3 could not be determined a c c u r a t e ly  in the presence o f  > 1 0 - f o l d  
excess o f  Cr(DBM)3 , although Rs = 1 . 7 .  This i s  c o n s i s t e n t  with the 
behaviour seen in GC se p a ra t io n s  o f  major and minor c o n s t i t u e n t s  o f  samples. 
Thus f o r  accura te  determination o f  Co(DBM)3 in the presence o f  a la rg e  
excess o f  Cr(DBM)3 an e lu e n t  with a higher hydrocarbon content would have 
to  be used in order to  i n c re a s e  R$.
Having considered the chromatographic l i m i t a t i o n s  o f  the separa tion
and q u a n t i ta t i o n  o f  Cr(DBM)3 and Co(DBM)3 , the p o s s i b i l i t i e s  o f  e x t r a c t i o n
o f  the metals from aqueous s o lu t io n  as t h e i r  complexes and i n t e r f e r e n c e s
from other  metals and the l i gand must be i n v e s t i g a t e d .  Cr i s  not
168
e x t r a c t a b l e  by a so lu t io n  o f  HDBM a t  room temperature and the r e le v a n t  
data f o r  Co (III)  have not been repo rted ,  although i t  should be p o s s i b le  
to  e x t r a c t  Co(II)  and then o x i d i s e  the complex. However, in view o f  the 
su c c e s s fu l  sp ectrophotometric  determination o f  Cr as Cr(AA)3 by forming 
the complex by r e f l u x i n g  an aqueous s o lu t io n  conta ining Cr with HAA and
169
then e x t r a c t i n g  the complex , t h i s  approach was used f o r  both Cr and
C o (III)  with HDBM. A small q u a n t i ty  o f  hydrogen peroxide was added to
a s o lu t io n  o f  CoC1 2 .6H20 and CrCl^.GHgO, excess o f  HDBM in alcohol  was
added and the re a c t io n  mixture r e f l u x e d ,  with s t i r r i n g ,  f o r  two hours.
A f t e r  c o o l i n g ,  the re a c t io n  mixture was e xtrac te d  with 50% dichloromethane
in TMP and a l i q u o t s  chromatographed using standard c o n d it io n s .  Peaks
with the same t^ va lues as standard so lu t io n s  o f  Cr(DBM)3 and Co(DBM)3
-8 -9
were obtained f o r  e x t r a c t i o n  from 10 - 10 M aqueous s o l u t i o n s .
Typical  re c o v e r i e s  were 65% f o r  Cr and 83% f o r  Co. The excess o f  l igan d 
did not i n t e r f e r e  since  i t  was e lu te d  a f t e r  the complexes. I t  i s  l i k e l y  
t h a t  t h i s  would be the case f o r  chromatographical ly  l a b i l e  complexes 
formed from oth er  metal ions in the sample so lu t io n  and many metals could 
be removed by a p r e - e x t r a c t i o n  a t  room temperature,  so t h i s  method may 
be f r e e  from some types o f  i n t e r f e r e n c e s .
6 .3  CONCLUSIONS
Although the a n a l y t i c a l  a p p l i c a t i o n  o f  the HPLC separa tion  o f  
Cr(DBM)3 and Co(DBM)3 obtained i s  l im ite d  by the slow ra te  o f  re a c t io n  
o f  the l igand with the metal s a l t  s o l u t i o n s ,  in some s i t u a t i o n s  the length
o f  time involved in sample preparat ion  may not be c r i t i c a l  and the 
s e l e c t i v i t y  o f  the r e a c t i o n  may reduce i n t e r f e r e n c e s , thus g iv in g  the 
method an advantage over f a s t e r  procedures.
I t  i s  c l e a r  from t h i s  study th a t  metal a n a ly s is  by c h e la t i o n  and 
HPLC has p o te n t ia l  and th a t  the d e tec t io n  l i m i t s  a t t a i n a b l e  are lower 
than those reported in the l i t e r a t u r e .  The major problem i s  decomposition 
o f  the complexes during chromatography and the cause o f  t h i s  i s  not 
c l e a r .  Decomposition i s  appare nt ly  not re la ted  to  stereochemical  
c o nsid era t io ns  since  complexes o f  a range o f  symmetries decomposed.
The s t a b i l i t y  and p a r t i a l  s t a b i l i t y  o f  the Cu and Fe complexes observed 
in some TLC and HPLC systems and the presence of  bands which may be 
a t t r i b u t e d  to charge t r a n s f e r  in t h e i r  UV sp e c tra ,  whereas the s p ec tra  
o f  the other l a b i l e  complexes do not have charge t r a n s f e r  bands, su ggest  
t h a t  chromatographic s t a b i l i t y  may depend on the degree o f  charge t r a n s f e r  
in the m e ta l - l iga n d  bond. However, t h i s  does not account f o r  the p a r t i a l  
s t a b i l i t y  o f  A l ( DBM)  ^ in some TLC systems. The method may be l im ite d  to  
complexes with higher s t a b i l i t y  constants ( i . e .  log l<i > 13) than the 
l a b i l e  complexes s tu d ie d .  This i s  c o n s i s t e n t  with the su c c e s s fu l  HPLC 
o f  t e t r a d e n t a t e  3~ketoamine complexes ( log  K f o r  the Cu complex with
179 6-8
N ,N '-eth y le n e b is  (a c e ty l  acetoneirnine)=23. ) and metal d i e t h y l d i t h i o -
9 1 ]  163
carbamates 5 ( log  K-j f o r  Cu complex = 14.9 ) .  However, f o r  d i th iz o n e
2+ — *
complexes the log K va lues f o r  the re a c t io n  M + 2HL M(HL)2 f o r
163
Co(II)  and Cu( I I ) are 13 and 22.3 r e s p e c t i v e l y  and y e t  these complexes
10
are reported to  be s t a b l e  in HPLC a n a ly s is  . A ls o ,  the TLC r e s u l t s  on 
s i l i c a  in t h i s  study su g g e st  t h a t  Cu(AA)2 , Ni(AA)2 .2H20 and Co(AA)2 may 
have a margin al ly  g r e a t e r  s t a b i l i t y  than t h e i r  HDBM'analogs while  the 
s t a b i l i t y  constants  o f  the HAA complexes are lower (see Table 6 . 1 ) .
Thus the problem o f  decomposition during chromatography i s  appare ntly  
not  confined to  s t a b i l i t y  consta nt  c o n s id e ra t io n s .
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The d e te c t i o n  l i m i t s  obtained f o r  Cr and Co (2 x 10 g) compare 
q u i te  favoura bly  with those reported f o r  other techniques f o r  t r a c e  
a n a l y s i s .  Some approximate d e te c t i o n  l i m i t s  are presented in Table 6.9
-11
Table 6.9 Comparison o f  approximate d e tect io n  l i m i t s  f o r  Cr and Co 
reported f o r  var ious  methods. 3 #i i , #i 2 #9##i80
Method
Approx. d e te c t i o n  l i m i t
(g )
Cr Co
mass spectrometry (spark source) 5 x TO-11 5 x 1 0 ' 11
mass spectrometry (c h e la te ) K f 11 1 0 ' 11
atomic absorption (flame) 2 x 1 0 ' 9 2 x 10"9
atomic absorption ( f la m e le ss ) 1 .2  x 1 0 ' 12 2 x TO'12
neutron a c t i v a t i o n  a n a l y s i s 1 0 ' 7 5 x 10"10
ra d io iso to pe  techniques 1 . 5  x 10~14
gas chromatography 1 .6  x 10"13 4.4  x 10"11
HPLC “ 5 x l ( f 9
HPLC ( t h i s  work) 2 x 10-11 2 x TO'11
CHAPTER 7
TRACE METAL ANALYSIS BY HPLC OF SOME METAL COMPLEXES OF 
THIODIBENZOYLMETHANE, WITH PARTICULAR 
REFERENCE TO Ni AND Co
7 .1  STABILITY, EXTRACTION AND UV STUDIES
In Chapter 6 the a p p l i c a t i o n  o f  HPLC to  the a n a l y s i s  o f  some metal 
g-d iketones was considered and i t  was found t h a t  the major o b s ta c le  
to  the success o f  t h i s  method o f  metal a n a ly s is  i s  apparent ly  decom­
p o s i t i o n  o f  the complexes; the m a jo r i ty  o f  complexes studied decomposed 
under a wide range o f  c o n d i t i o n s .  In t h i s  chapter some complexes o f  
thiodibenzoylmethane (HTDBM), the monothio analog o f  dibenzoylmethane,  
w i l l  be considered,  again applying  the c r i t e r i a  d e t a i l e d  in Chapter 5.
A comparison o f  the s t a b i l i t y  constants f o r  HDBM and HTDBM r e v e a ls
t h a t  although HTDBM i s  a s tro n g e r  ac id  than HDBM, some m eta ls ,  p a r t i c u l a r l y
those with C l a s s ( b ) c h a r a c t e r ,  form more s ta b le  complexes with the
t h i o d e r i v a t i v e ;  the order o f  s t a b i l i t y  i s  Pb < Zn < Cd < Ni < Cu (see
Table 7 . 1 ) .  Since Cl ass(b)m etals  by d e f i n i t i o n  form stro ng e r  complexes
181
with sulphur than with oxygen donors , Cu(II) i s  appare nt ly  Cl ass(a)
with r e s p e c t  to  HTDBM, In a d di t io n  to  the data presented in Table 7 . 1 ,
the o v e r a l l  formation consta nts o f  b i v a l e n t  metal c h e la te s  with HTDBM
182
and HDBM have been measured . Although the va lu es  cannot be compared
with the data in Table 7 . 1 ,  an in c re a se  in log g2 f o r  the t h i o d e r i v a t i v e
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was observed f o r  Co, Cu, Ni and Zn and a decrease f o r  Mg; the order
. . . .  ~ ,182 ,
o f  s t a b i l i t y  was Co < Zn < Ni < Cu. I t  was suggested t h a t  t h i s
situation arises from the poss ib i l i ty  o f  iT-bonding between d orb ita ls
o f  t ra n s i t io n * m e ta l  ions and the vacant d o r b i t a l s  on the sulphur atom.
Table 7.1  p K ^  and s t a b i l i t y  consta nt  data f o r  HTDBM, HDBM and some 
metal complexes (measured in 75% dioxan 2;5% water a t  30°C)
15 , 19 5 162 , 183
Metal
Ligand C d(II) Cu(II) N i ( I I ) Pb ( I I ) Z n (I I )
HTDBM log K-j 10.40 12.20 12.70 10.11 10.23
( p><ha = 
1 1 . 1 4 )
log K2 10.08 12.40 11.20 9.61 10.06
lo g  b2 20.48 24.60 23.90 19.72 20.29
HDBM log K-j 8.54 12.98 10.46 9.75 10.23
(PKha s 
13.75)
log K? 7.67 12.00 9.71 9.04 9.42
log  3? 16.21 24.98 20.17 18.79 19.65
NB. Metal n i t r a t e s  used except f o r  Cu(II)  and N i( I I )  where the
c h lo r id e s  were used f o r  HDBM complexes and a c h lo r i d e  supporting 
e l e c t r o l y t e  was used f o r  HTDBM complexes.
Since the s tu d ie s  o f  B-diketone complexes ind ic a te d  a p o s s i b le  r e l a t i o n ­
ship between the degree o f  charge t r a n s f e r  in the m e ta l - l ig a n d  bond 
and the chromatographic s t a b i l i t y  o f  the complex, thiodibenzoylmethane 
complexes were studied  f u r t h e r .
Although monothio-B-diketones can be prepared from g-diketones
by the ac t io n  o f  hydrogen s u lp h i d e ,  the conditions  are r a th e r  c r i t i c a l .
In order to  avoid the replacement o f  both oxygen atoms by sulphur and
consequent dirner isation ,  a d i l u t e  s o lu t io n  o f  the g-diketone  must be
184
used. A ls o ,  i t  has been suggested that  s ince  there  i s  a r e l a t i o n s h i p  
between the amount o f  enol form present in alcohol so lu t io n  and the
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concentra ti on  o f  hydrogen c h lo r i d e  necessary  to provide reasonable 
conversion to the t h i o  d e r i v a t i v e ,  re a c t io n  with hydrogen sulphide 
occurs only with the d ik e to  tautomer. Thus, a high concentra ti on  o f
hydrogen c h lo r id e  i s  required f o r  HDBM, which i s  90-100% enol in a lcohol  
in order to  provide the more po la r  condit ions to  s h i f t  the tautomeric  
e quil ibr ium  in favour o f  the d ik eto  form. This perhaps accounts f o r  
the d i f f i c u l t y  experienced in obta in ing  HTDBM in good y i e l d  by t h i s  
method.
The N i ( I I ) , C u ( I I ) ,  C o ( I I I ) ,  P b ( I I ) ,  Hg(II) and F e ( I I I )  complexes 
o f  HTDBM were, however, r e a d i l y  prepared from HTDBM in good y i e l d  by 
l i t e r a t u r e  methods and aqueous s o lu t io n s  containing C d ( I I ) ,  Z n ( I I ) ,
Ag(I)  and B i ( I I I )  were r e a d i l y  e x t r a c t e d  by an organic s o lu t io n  o f  
HTDBM to  g ive  s o lu t io n s  o f  the complexes f o r  TLC. For b r e v i t y ,  N i ( I I ) ,  
C u ( I I ) , Co(II)  or ( I I I ) ,  P b ( I I ) ,  H g ( I I ) , F e ( I I I ) ,  C d ( I I ) ,  Z n ( I I ) ,  Ag(I)  
and B i ( I I I )  are r e f e r r e d  to  as N i , Cu, Co, Pb, Hg, Fe, Cd, Zn, Ag and B i . 
Although the s te re o ch em is try  o f  the complexes has not re ce ived  much
184
a t t e n t i o n ,  Ni(TDBM)2 i s  reported  to  be square planar and Hg(TDBM)2 i s
186
thought to  have a d i s t o r t e d  te t r a h e d r a l  s t r u c t u r e  with bonding through
186-7
sulphur only , although these  two th e o r ie s  are not appare nt ly  c o n s i s t e n t  
Thus the complexes considered in some d e t a i l  in t h i s  study ,  i . e .  Ni(TDBM)2 , 
Cu (TDBM)2 , Hg(TDBM)2 , Pb(TDBM)2 , Co(TDBM)s and Fe(TDBM)3 , probably 
in clude  a v a r i e t y  o f  symmetries.  The complexes o f  monothio-g-diketones 
are reported to have l e s s  tendency towards the formation o f  hydrates
96
and polymerisat ion than those o f  g-diketone s , which may reduce 
undesira ble  surfa c e  i n t e r a c t i o n s  during chromatography. The complexes 
were found to be g e n e r a l l y  s p a r i n g l y  so lu b le  in water and a l c o h o l s ,  and 
so lu b le  in chloroform and acetone ;  Ni(TDBM)2 , Cu(TDBM)2 , Co(TDBM)3 and 
Pb(TDBM)2 were a l s o  q u i te  s o lu b le  in saturated  hydrocarbon s o l v e n t s .
185
The s o lv e n t  e x t r a c t i o n  data f o r  HTDBM i s  presented in Table 7 . 2 .  
I t  can be seen th a t  q u a n t i t a t i v e  e x t r a c t i o n  o f  severa l  metals can be 
achieved with sh ort  e q u i l i b r a t i o n  t imes.
Table 7.2 Summary o f  s o lv e n t  e x t r a c t i o n  data f o r  some metals by 
thiodibenzoylmethane
Metal Conditions Ref.
N i ( I I ) 100% e x t r a c t i o n  pH 8 - 9 . 5 ,  cyclohexane 
s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (3 min.)
22
C o (II )* 100% e x t r a c t i o n  pH 8.5 - 1 0 .5 ,  cyclohexane 
s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (3 min.)
22
Cu( I I ) 100% e x t r a c t i o n  pH 2.2 -  6 . 8 ,  n-hexane 
s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (5 min.)
21
Hg ( i i ) 100% e x t r a c t i o n  pH > 10,  benzene s o l v e n t ,  
f a s t  e q u i l i b r a t i o n  (3 min.)
24
Cd(II) 100% e x t r a c t i o n  pH > 9,  benzene s o l v e n t ,  
f a s t  e q u i l i b r a t i o n  (2 min.)
25
Ag ( i ) 100% e x t r a c t i o n  pH 3 - 10, toluene s o l v e n t ,  
f a s t  e q u i l i b r a t i o n  (5 m in.) ;
100% e x t r a c t i o n  pH 6 - 7 . 5 ,  benzene s o l v e n t ,  
f a s t  e q u i l i b r a t i o n  (5 - 10 min.)
29
27
Zn(II) 100% e x t r a c t i o n  pH 6 - 9 ,  > 13,  c y c l o ­
hexane s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (2 min.)
30
B i ( I I I ) 100% e x t r a c t i o n  pH > 8 .5 ,  cyclohexane 
s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (2 m in.) ;  
100% e x t r a c t i o n  pH 5 .7  - 6 . 5 ,  benzene 
s o l v e n t ,  f a s t  e q u i l i b r a t i o n  (5 min.)
30
28
k
o xid ati on  o f  Co(II)  to Co ( I I I )  occurs on e x t r a c t i o n
The UV sp ectra  o f  HTDBM and the complexes obtained were found to  
be in agreement with the l i t e r a t u r e  data a v a i l a b l e  (see Table 9 .2 ,  p.
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The UV spectrum o f  HTDBM has a band a t  ^ 260 nm which i s  a s s o c i a te d  
with the benzoyl group, and two bands a t  longer wavelengths which are
•k
considered to  be due to tt- tt t r a n s i t i o n s .  The band a t   ^ 325 nm i s  in
•k
the same region a s ,  and i s  h a l f  the i n t e n s i t y  o f ,  the tt- tt band in HDBM 
and i s  regarded as being due to  the conjugated system a s s o c i a te d  with 
the C =-=fr=-0 chromophore. The band a t  ^ 410 nm i s  considered to be
a s s o c ia te d  with the chromophore. The spectrum o f  Ni(TDBM)2 has
187 *
a band a t  430 nm which i s  thought to be due to  tt- tt t r a n s i t i o n s
with in  the l ig a n d ,  and a band a t  325 nm which may be due to  l i g a n d — > metal
charge t r a n s f e r  to g e th e r  with a small component due to  the l i gand tt- tt
t r a n s i t i o n s .  On the b a s i s  o f  the assignments o f  the bands in the sp ec tra
o f  Ni(TDBM) 2 and HTDBM and comparison with the corresponding HDBM complex,
the broad band in the spectrum o f  Co(TDBM)3 may be a s s o c i a te d  with both
*
metal-— ^ligand charge t r a n s f e r  and tt- tt t r a n s i t i o n s  in the l ig an d.
A ls o ,  s ince  the sp ec tra  o f  Cu(TDBM)2 , Pb(TDBM)2 and Fe(TDBM)9 are s i m i l a r
to  th a t  o f  HTDBM, the bands could perhaps be assigned on t h i s  b a s is  with
a c o n tr ib u t io n  to the bands a t  296 nm, 270-300 nm and 323 nm r e s p e c t i v e l y
187
from charge t r a n s f e r .  The spectrum o f  Hg(TDBM)2 i s  reported to  be 
s i m i l a r  to  th a t  off the S-methyl d e r i v a t i v e  o f  the l i g a n d ,  and the band
tic
a t  348 nm may be considered to be due to  tt- tt t r a n s i t i o n s  wi th in  the 
l igand with the lower wavelength compared to  the f r e e  l igan d i n d i c a t i n g  
l e s s  d e l o c a l i s a t i o n  o f  the TT-electron system, which i s  c o n s i s t e n t  with 
bonding predominantly through sulphur.  I t  should be noted t h a t  t h i s  
has a l s o  been reported to  be the case f o r  the spectr a  o f  the Z n ( I I ) ,
Ag(I)  and Cd(II)  complexes o f  HTDBM and f o r  the Na complex in alcohol
187
so lu t io n  . The molar e x t i n c t i o n  c o e f f i c i e n t s  o f  the complexes are 
o f  a s i m i l a r  magnitude to the HDBM complexes,  i . e .  3.0 - 8.4 x 10^
1 mol~  ^ c n f* .
187
A comparison o f  the UV spectra  o f  the complexes with tha t  o f  the
-110-
l igan d r e v e a ls  that  in general the most s u i t a b l e  wavelengths f o r  
d e te c t io n  o f  the complexes in the presence o f  the l igand would be 
290 nm and n, 360 nm (see Figure 9 . 1 ,  p. 161).
Since some o f  the complexes o f  HTDBM f u l f i l  the major requirements 
f o r  a p p l i c a b i l i t y  to  HPLC a n a l y s i s ,  t h e i r  chromatographic s t a b i l i t y  
and separat ion  was considered using TLC. The r e s u l t s  obtained on s i l i c a  
using severa l  developing s o lv en ts  are given in Table 7 . 3 .
Using 50% dichloromethane as developing s o l v e n t ,  the complexes 
o f  Ni,  Cu, Co and Hg were apparent ly  s t a b l e  and the spots were r e s o lv e d ,  
whereas the complexes o f  Fe, Pb, Cd and Zn were apparently not s t a b l e  
and the complexes o f  Ag and Bi did not migrate .  The incorp ora ti on  o f  
isopropanol in to  the s o lv e n t  in an attempt to increase  the Rp o f  
Hg(TDBM)2 led to lo s s  o f  r e s o lu t i o n  o f  the Ni and Cu complexes. The 
use o f  50% THF in TMP as the developing so lv en t  led to  lo s s  o f  r e s o lu t i o n  
o f  the N i , Cu and Hg complexes. Development o f  the Ag and Bi complexes 
with dichloromethane did not markedly increase  migrat ion.  The 
separa tion  o f  Ni(TDBM)2 and Cu(TDBM)2 was not increased by development 
with benzene, cyclohexane or pentane mixtures with dichloromethane, or 
TMP mixtures with chloroform or d ic h lo roe th an e,  and r e s o lu t i o n  was l o s t  
with dichloromethane/TMP mixtures contain ing < 10% a c e t o n i t r i l e ,  
methanol,  THF, e thy l  a c e t a t e  or d i i sop rop yl  e th e r .  These r e s u l t s  
i n d i c a t e  t h a t  the use o f  s o lv e n ts  with a high c a p a c i t y  f o r  proton 
acceptance,  e . g .  i sopro panol,  THF e t c . ,  decreases the re s o lu t i o n  o f  
the N i , Cu, Co and Hg complexes. The behaviour o f  Hg(TDBM)2 i s  
c o n s i s t e n t  with the theory  t h a t  bonding i s  through sulphur only mentioned 
e a r l i e r ,  s ince  t h i s  would g iv e  a much more pola r  molecule than i f  
bonding was through both sulphur and oxygen. The Rp o f  the l i gand 
was e i t h e r  g r e a t e r  than or wi th in  the range o f  Rp's o f  the s t a b l e
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complexes with the developing s o lv e n ts  considered.  This i s  not the 
idea l  s i t u a t i o n ,  Rp l igand < Rp complexes being p r e fe r re d .  The TLC 
o f  thiodibenzoylmethane complexes has not been reported in any d e t a i l
in the l i t e r a t u r e ;  however, in t h e i r  study o f  the Rh, Pd, Hg and Zn
68
complexes Ludwig e t  a K  found th a t  on alumina the Zn complex
migrated with the same Rp values as the l igand in a range o f  s o l v e n t s ,  
c a s t i n g  some doubt on i t s  s t a b i l i t y .
Although the TLC s tu d ie s  o f  the HTDBM complexes i n d ic a te d  t h a t  in
some cases chromatographic s t a b i l i t y  i s  low, the s t a b i l i t y  and ease o f
se para tion  o f  the Ni,  Cu, Co and Hg complexes on s i l i c a  showed promise
f o r  the development o f  an HPLC method o f  a n a ly s is  o f  these complexes.
7 •2 HPLC AND SOLVENT EXTRACTION STUDIES
In view o f  the s u c c e s s fu l  TLC i n v e s t i g a t i o n  o f  the N i , Cu, Co and 
Hg complexes, HPLC s tu d i e s  were commenced using dichloromethane/TMP 
as e lu e n t  and a P a r t i s i l  10 column (10 yin, porous s i l i c a  pa cking) .  The 
mobile phase d e l i v e r y  system g e n e r a l l y  used f o r  these  s tu die s  was a 
r e c i p r o c a t in g  pump, i . e .  s o lv e n t  f low ra te  was co nstant .  Thus, 
scouting  work with mobile phases was r e l a t i v e l y  e a s y .  Peak heights are 
quoted in absorbance u n i t s ,  AU, and the parameters t R9 k ’ , R$ are def ined 
in Chapter 4. The s t a b i l i t y  o f  the complexes was v e r i f i e d  by comparison 
o f  the UV sp ec tra  o f  the e l u a t e s  with authent ic  s p e c t r a .  In the case 
o f  Cu(TDBM)2 , Hg(TDBM)2 and Fe(TDBM)3 (which was p a r t i a l l y  s t a b l e  in 
TLC) the spectrum o f  the l igan d was obtained and peqks with s i m i l a r  
re te n t io n  times and shapes to  the l igan d were observed, i n d ic a t in g  
decomposition o f  the complexes.  The sp ectra  o f  the e l u a t e s  f o r  Ni(TDBM)2 
and Co(TDBM)3 corresponded to a uthe nt ic  sp ectra  and symmetrical peaks
were obtained,  i n d ic a t in g  t h a t  these complexes were s t a b l e .  A ll  the 
complexes prepared were a l s o  s tu died using a yBondapak column with 
methanol as e lu e n t .  Although the r e s u l t s  ind ic a te d  th a t  while  
Ni(TDBM)2 and Hg(TDBM)2 were appare ntly s t a b le  and Fe(TDBM)3 p a r t i a l l y  
s t a b l e ,  the Cu and Pb complexes gave peaks s i m i l a r  to  HTDBM and the low 
s o l u b i l i t y  o f  Co(TDBM)3 in methanol prohibi te d  d e t e c t i o n .  Since the 
s o l u b i l i t y  o f  a l l  the complexes in methanol i s  low the HPLC s tu d ie s  were 
continued with f u r t h e r  i n v e s t i g a t i o n  o f  Ni(TDBM)2 and Co(TDBM)3 on a 
Parti  s i  1 10 column.
A f t e r  determining the wavelength f o r  the most s e n s i t i v e  d e te c t i o n  
o f  each complex in the 305 - 310 nm range (308 nm) the condit ions f o r  
the separa t io n  o f  the complexes were optimised f o r  t r a c e  a n a l y s i s .  The 
e lu e n ts  considered contained 0.1% isopropanol as a po la r  m o d if ie r  in 
place  o f  water since  the pre para tion o f  50% water sa tu ra te d  s o lv en ts  was 
found to  be time-consuming. The r e s u l t s  obtained f o r  three  e lu e n ts  are 
given in Table 7 . 4 .  I t  can be seen th a t  although both k' va lues did 
not f a l l  within  the range g e n e r a l l y  considered to be optimal f o r  t ra c e  
a n a l y s i s  (0.5 - 1 . 5 ) ,  30% dichloromethane in TMP gave good r e s o lu t i o n  
and sh ort  a n a ly s is  t ime. 20% dichloromethane in TMP was a l s o  considered 
f u r t h e r ,  s i n c e  in the TLC s tu d ie s  with dichloromethane/TMP as developing 
s o lv e n t  Rp Ni(TDBM)2 > HTDBM > Co(TDBM)3 and i t  was thought th a t  t h i s  
s o lv e n t  may g iv e  a g r e a t e r  r e s o l u t i o n  o f  Ni(TDBM)2 and HTDBM i f  n ecessary .
Table 7 .4  D e t a i l s  o f  some chromatograms o f  Ni(TDBM)2 and Co(TDBM)3 (40 yl 
i n j e c t i o n s ,  10“ 3 M in Ni(TDBM)2 , 10~5 m in Co(TDBM)3 s o lu t io n )
Eluent
f low 
rate 
(ml/min)
+ Ni 
XR
(min)
x Co 
R
(min)
pk.ht .Ni
(AU)
pk.ht .Co
(AU)
k ,Ni k |Co RS anal . time 
(min) ’
40% CH2C12 
in TMP
1.0 3.50 3.78 0.133 0.191 0.12 0.23 1.29 4.1
30% CH2C12 
in TMP
3.0 1.33 1.60 0.110 0.120 0.29 0.55 2.05 1.8
20% CHoClo 
in TMP
3.0 1.45 2.00 0.081 0.080 0.41 0.94 3.67 2.2
The l i n e a r  range o f  the d e t e c t o r  was found to  be 3 - 4 orders o f  
magnitude as was the case f o r  Cr(DBM)3 and Co(DBM)3 (see Chapter 6 ) .
o
The r e l a t i v e  sample s e n s i t i v i t i e s  were found to be 10 M (40 yl
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i n j e c t i o n s )  which i s  e q u iv a l e n t  to 2 x 10 g of  each metal and i s  
a l s o  the same as was found f o r  Cr(DBM)3 and Co(DBM)3< Thus, the 
in c rea se  in s e n s i t i v i t y  obtained as a r e s u l t  o f  v a r i a b l e  wavelength 
d e te c t i o n  was l o s t  due to the in c re a se  in b a s e - l i n e  no ise  compared 
with the s i n g l e  wavelength d e t e c t o r .  With 30% dichloromethane in 
TMP as e lu e n t  the f i r s t  e l u t i n g  peak, Ni(TDBM)2 , could be determined 
a c c u r a t e l y  in the presence o f  ^ 1000-fold excess o f  Co(TDBM)3 , whereas 
Co(TDBM)3 could not be determined a c c u r a t e l y  in the presence o f  >100-fold 
excess o f  Ni(TDBM)2 . With 20% dichloromethane in TMP as e l u e n t ,  
although Co(TDBM)3 could be d ete cte d  in the presence o f  1000-fold excess  
o f  Ni(TDBM)2 , determination was not a c cu ra te .
In an attempt to  in c re a se  the s e n s i t i v i t y  o f  d e te c t i o n  the e f f e c t  
o f  sample volume and the hydrocarbon c o n s t i tu e n t  o f  the e lu e n t  were 
cons idered.  I t  was found th a t  100 yl samples could be i n j e c t e d  without 
lo s s  o f  e f f i c i e n c y .  The use o f  hexane in place o f  TMP as the hydrocarbon 
c o n s t i t u e n t  o f  the e lu e n t  ( v i s c o s i t i e s  o f  hexane and TMP are 0.32 and
0.50 r e s p e c t i v e l y )  produced narrower peaks but peak h e i g h t s ,  and hence 
s e n s i t i v i t y ,  were not i n c rea se d .
Chromatograms o f  HTDBM obtained using both 20% and 30% d i c h l o r o ­
methane in TMP as e lu e n t  g e n e r a l l y  had two or more peaks,  the f i n a l  
peak being broad and t a i l i n g .  S u ccess ive  i n j e c t i o n s  and s o lu t io n s  o f  
d i f f e r e n t  co ncen tra ti ons did not g iv e  i d e n t i c a l  chromatograms (see 
Figures 9 . 3 ,  9 .4  and 9 . 5 .  p . 1 7 1 - 2 ) .  This behaviour i s  c o n s i s t e n t  with 
s h i f t s  in the th i o x o - t h ie n o l - e n o l  e q u i l i b r i a  and i s  s i m i l a r  to  th a t  
observed f o r  g-diketone s (see Chapter 6 ) .  In t h i s  c a s e ,  however, the 
TLC and HPLC behaviour o f  the l i gand are comparable since  t a i l i n g  spots
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were obtained in TLC s t u d i e s .  Inspection o f  the chromatograms 
obtained f o r  HTDBM and the complexes ind ic a te d  th a t  i n t e r f e r e n c e  in 
the determination o f  both complexes would occur i f  the sample s o lu t io n  
contained HTDBM in g r e a t e r  than equal c o n c en tra t io n ,  and t h i s  was found 
to  be the case in pre l i min ary  s o lv e n t  e x t r a c t i o n  s t u d i e s .
Having considered the separation  o f  Ni(TDBM)2 and Co(TDBM)3 with a
view to  t ra c e  a n a l y s i s  o f  the complexes,  and the l i m i t a t i o n s  imposed by
the condit ions s e l e c t e d ,  the s o lv e n t  e x t r a c t i o n  c h a r a c t e r i s t i c s  o f  the
22
complexes were i n v e s t i g a t e d .  The l i t e r a t u r e  method was used
i n i t i a l l y ;  10~4 M s o lu t io n s  o f  the metal s a l t s  were buffered  a t  pH 9
and e x tr a c te d  with 10 M HTDBM in cyclohexane.  A li quo ts  o f  the organic
phase were chromatographed using 20% dichloromethane in TMP as e lu e n t
and the peak heights compared with standard c urve s .  The excess o f  l igand
was found to i n t e r f e r e  with the determination o f  both m eta ls .  Although
q u a n t i t a t i v e  e x t r a c t i o n  was obtained a t  the 10~4 M metal s a l t  s o lu t io n
le v e l  with the minimum excess  o f  l igand over the s to i c h i o m e tr i c
c o n c en tra t io n ,  t h i s  was not the case f o r  lower co n c en tra t io n s .  The
s o l v e n t  peak was found to  i n t e r f e r e  with Ni determination and the b u f f e r
Nis o lu t io n  co ntr ib ute d  to  the peak a t  t R .
A modified e x t r a c t i o n  procedure was th e r e fo r e  used.  The b u f f e r  
s o lu t io n  was prepared from AR hy d roc h lo r ic  ac id  and 0.88 ammonia,
HTDBM so lu t io n  in TMP was used f o r  the e x t r a c t i o n  and the excess HTDBM 
was r e - e x t r a c t e d  from the org anic  phase with NaOH so lu t io n  p r i o r  to 
chromatography. This method was used to i n v e s t i g a t e  the dependence o f  
the % recovery o f  Ni and Co from aqueous so lu t io n  on pH, concen tration  
and the presence o f  some d iv e r s e  i o n s ,  by comparison o f  the chromatograms 
obtained with c a l i b r a t i o n  c u rve s .  For 10 M metal s a l t  s o lu t io n s  the 
% re covery o f  Ni and Co was found to  depend on pH over the range 7 - 1 1 . 5  
as shown in Figure 9.6 ( p . 175 ) .  This behaviour d i f f e r s  somewhat from
i
the e x t r a c t i o n  curves presented by Uhlemann and Schuknecht who 
found t h a t  q u a n t i t a t i v e  e x t r a c t i o n  was obtained f o r  Ni a t  pH 8 - 9.5  
and Co a t  pH 8.5 - 1 0 .5 ,  % e x t r a c t i o n  f a l l i n g  o f f  r a p i d l y  outsid e  these 
l i m i t s .  Although they used cyclohexane as e x t r a c t i n g  so lv e n t  and 
10  ^ M metal s a l t  s o l u t i o n s ,  the d i f f e r e n t  r e s u l t s  are s u r p r i s i n g .
However pH 9 was found to be optimal f o r  the c o - e x t r a c t io n  o f  the
22
complexes as reported by Uhlemann and Shuknecht
The % recovery f o r  e x t r a c t i o n  a t  pH 9 was found to  decrease with
decreasing  concen tration  o f  the metal s a l t s .  For 10~4 M s o lu t io n s
e x t r a c t i o n  was q u a n t i t a t i v e  f o r  both metals and the standard d e v ia t io n
o f  the determination was 'v 3%, which i s  approximately the e r r o r
incurred in measurement o f  the peak he ight or area.  The standard 
-6
d e v ia t io n  f o r  10 M e x t r a c t i o n s  was  ^ 4%, and although % re covery f o r
_7
10 M s o lu t io n s  was  ^ 86%, even with increased e x t r a c t i o n  t ime,  t h i s
_ o
concen tration  le v e l  i s  approaching the d e tec t io n  l i m i t  (10 M) and
i t  i s  g e n e r a l l y  accepted th a t  the r e l a t i v e  standard de v ia t io n  f o r
188
an a n a l y t i c a l  procedure near the d e te c t io n  l i m i t  i s   ^ 33% . At
the 10~^ M l e v e l ,  Co(TDBM)3 'was p r e c i p i t a t e d  from the organic e x t r a c t  
on standing;  the s o l u b i l i t y  o f  Co(TDBM)3 in TMP thus l i m i t s  the upper 
concentra tion le v e l  which can be determined by t h i s  method.
A pre limin ary study o f  the e f f e c t  o f  some d iv e r s e  ions on Ni and 
Co determination showed t h a t  Ni could not be determined in the presence 
o f  a 10 -fo ld  excess  o f  C u ( I I ) ,  but F e ( I I I ) ,  Z n ( I I ) ,  C d ( I I ) ,  A g ( I ) ,
H g (II ) ,  Pb(II)  and B i ( I I I )  in 1 0 - f o l d  excess  did not i n t e r f e r e .  The 
chromatographic behaviour o f  Cu(TDBM)2 was found to  have a l t e r e d  s ince  
the s t a r t  o f  t h i s  study.  At a high concentration  (50 y l ,  10“  ^ M) the 
peak obtained was only s l i g h t l y  t a i l i n g  but f o r  lower concentra ti ons 
peak t a i l i n g  became very marked and d e te c t i o n  was not p o s s ib le  f o r  a
-116-
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1 0 '  M so lu t io n  (50 y l ) ,  i n d i c a t i n g  th a t  the proportion o f  the sample 
which decomposed increased with decrease  in sample c o nc entra t io n .  When 
50% water sa tura ted  e lu e n t  was used in place  o f  isopropanol modified 
e l u e n t ,  peak he ights f o r  a l l  sample concen tration  l e v e l s  (10~^ - 10"^ M) 
decreased and peak t a i l i n g  in c rea se d .  I t  would appear,  t h e r e f o r e ,  
t h a t  the decomposition o f  Cu(TDBM)2 i s  r e l a t e d  to the water content o f  
the adsorbent,  and during the course o f  t h i s  study the isopropanol- 
modified e lu e n t  may have s low ly  removed water from the adsorbent packing 
thus in c rea s in g  the s t a b i l i t y  o f  Cu(TDBM)2 .
Using a new Part i  s i  1 10 column a marginal d i f f e r e n c e  in re te n t io n  
times f o r  Ni(TDBM)2 and Cu(TDBM)2 was obtained using 30% dichloromethane 
in TMP as e lu e n t .  Since s i g n i f i c a n t  increa se  in r e s o lu t i o n  was not 
obtained by decreasing  the dichloromethane content o f  the e lu e n t  or by 
using pentane in place  o f  TMP in an attempt to increa se  e f f i c i e n c y ,  
dichlorometnane/TMP mixtures without  isopropanol or water modifiers  
were considered as e l u e n t s .  45% dichloromethane in TMP was found to 
be optimal f o r  the se pa ra t io n  o f  Ni(TDBM)2 , Cu(TDBM)2 and Co(TDBM)3 
using both P a r t i s i l  5 (5 ym porous s i l i c a )  and P a r t i s i l  10 columns and 
the r e s u l t s  are compared in Table 7 . 5 .  This e lu e n t  gave k' va lues 
wi th in  or c l o s e  to  the most s u i t a b l e  range f o r  t r a c e  a n a ly s is  and good 
r e s o lu t i o n  o f  the Ni and Cu complexes was obta ined.  I t  can be seen 
t h a t  while  the e f f i c i e n c y  o f  the P a r t i s i l  5 column was g r e a t e r ,  g iv in g  
l a r g e r  peak he ights f o r  the same sample s i z e ,  the maximum flow ra te
which could be used was l i m i te d  by the pressure r a t in g  o f  the syr in ge
to 1 .5  ml /min (*v 1500 p s i ) .  A f lo w ra te  o f  3 ml/mi n (^ 1200 p s i)  
could e a s i l y  be used with the P a r t i s i l  10 column and, s in c e  the r e s o lu t i o n  
obtained was almost  as good as with the P a r t i s i l  5 column using t h i s  
f low r a t e ,  the a n a l y s i s  time was s i g n i f i c a n t l y  s h o r t e r .  This comparison
-7
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< 10 ym, i . e .  increased  e f f i c i e n c y  and s e n s i t i v i t y  o f  d e te c t io n  are 
c o s t l y  in terms o f  time or expensive equipment in order  to  overcome 
problems due to the higher pre ss ures  necessary  because o f  the lower 
column perm e a b i l i ty .
I t  i s  i n t e r e s t i n g  to  note th a t  the separation o f  the Ni and Cu 
complexes was obtained as a r e s u l t  o f  the use o f  a dry so lv e n t  without 
a po la r  modifier  and can thus be a t t r i b u t e d  to  the more a c t i v e  adsorbent 
s i t e s .  Since these complex molecules are expected to  be very s i m i l a r  
in  s i z e  and shape, the n e c e s s i t y  f o r  the a v a i l a b i l i t y  o f  a c t i v e  s i t e s  
with a wider range o f  a c t i v i t i e s  than normally required in order to 
e f f e c t  a separation i s  not  s u r p r i s i n g .
The r e l a t i v e  sample s e n s i t i v i t i e s  obtained with 45% dichloromethane 
in TMP were 10 8 M f o r  Ni(TDBM)2 and Co(TDBM)3 and 2 x 10“ 8 M f o r  
Cu(TDBM)2 (50 yl i n j e c t i o n s ,  P a r t i s i l  5 ) ,  and 2 x 10~8 M f o r  Ni(TDBM)p 
and Co(TDBM)3 and 5 x 10 8 M f o r  Cu(TDBM)2 (50 yl i n j e c t i o n s ,  P a r t i s i l  10).  
The Ni and Co complexes could be determined in the presence o f  1000-fold 
excess o f  Cu(TDBM)2 but Cu(TDBM)2 could only be determined in the presence 
o f  10 - 100-fold excess o f  N i (TDBM)2 . The peaks obtained with e lu e n ts  
wi thout  a polar  m o d if ie r  were s l i g h t l y  t a i l i n g  as expected due to  the 
wider range o f  a c t i v i t i e s  o f  adsorbent s i t e s  p a r t i c i p a t i n g  in the 
chromatography, but t h i s  did not impair re s o lu t i o n  s i g n i f i c a n t l y .
Having developed a system s u i t a b l e  f o r  the se pa ra t io n  o f  the Mi,
Cu and Co complexes, s o lv e n t  e x t r a c t i o n  s tu d ie s  were continued.  Since 
the e lu e n t  used did not conta in a po la r  m o d if ier  i t  was thought t h a t  
the i n j e c t i o n  o f  la r g e  volumes o f  e x t r a c t s  may change the a c t i v i t y  o f  
the adsorbent and g iv e  r i s e  to  non-reproducible chromatograms. An 
attempt was th e r e fo r e  made to  dry the e x t r a c t s  by shaking with anhydrous 
sodium sulphate but lo s s  o f  the complexes occurred.  Since the e x t r a c t s
could n o t ,  t h e r e f o r e ,  be dried  before chromatography, the a c t i v i t y  
o f  the column was monitored by i n j e c t i o n  o f  standard s o l u t i o n s .  I f  
r e te n t io n  times decreased a t  any t ime,  passage o f  the dry e lu e n t  was 
allowed to r e a c t i v a t e  the column before continuing with the a n a l y s i s .
This procedure was not found t o  be unduly inconvenient .
I t  was found t h a t  reagent blanks f o r  the standard method o f  
e x t r a c t i o n  gave a non-reproducible  peak at  t R^ u and peak he ight 
approximately 0.01 AU with 45% dichloromethane in TMP as e l u e n t .
HTDBM so lu t io n  in TMP was e x t r a c t e d  with NaOH so lu t io n  and the aqueous 
phase r e - e x t r a c t e d  with TMP. The organic phases from both e x t r a c t i o n s  
gave peaks with t RCu and he ights   ^ 0.01 AU, and had i d e n t i c a l  UV s p e c t r a .  
The UV spectrum o f  the aqueous phase corresponded to  the l i t e r a t u r e
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spectrum o f  the sodium s a l t  o f  HTDBM * . These r e s u l t s  suggest  t h a t  
the l igan d i s  not  completely e x t r a c t e d  in to  the aqueous phase as the 
sodium s a l t ,  some remaining in the org anic  phase, p o s s i b l y  as an ion 
p a i r  with Na or as a so lv a ted  ion p a i r .  The condit ions  f o r  the 
formation o f  these sp ec ies  are appare ntly ra the r  c r i t i c a l  s ince  
reproducib le  peaks were not obtained f o r  re pe at  e x t r a c t i o n s .  The 
increased  peak he ig h t  o f  the s p e c ie s  obtained using an unmodified 
e lu e n t  compared with one c onta in ing  isopropanol as a pola r  m o d if ie r  can 
be accounted f o r  by a c o n s id era t io n  o f  the sp ec ies  in vo lve d .  I t  i s  
l i k e l y  th a t  the Na'1" TDBM" ion p a i r  i s  respons ib le  f o r  the strong UV 
absorbance o f  the organic phase. In the absence o f  isopropanol the 
ion p a i r  i s  a " t i g h t "  or "c o n ta c t"  ion p a i r  and a r e l a t i v e l y  large  
peak i s  obtained.  In the presence o f  i sopro panol,  however, the ion 
p a i r  may be converted in to  a " l oo se"  or " s o lv e n t  separated" ion p a i r  
and in t h i s  case the UV spectrum i s  more l i k e l y  to  resemble th a t  o f  
the l igan d and a small peak i s  obta ined.  The high UV absorbance o f  
the organic phase f o r  the reagent  blank c a s t s  some doubt on the accuracy
o f  some o f  the spectrophotometric  methods using HTDBM where d e te c t io n  
i s  a t  < 400 nm.
The presence o f  the peak a t  due to the reagent  blank ruled 
out the p o s s i b i l i t y  o f  Cu determination in addition to Ni and Co 
without development o f  a system f o r  s e p a ra t io n ,  since  i t  i n t e r f e r e d  
a t  low co n c en tra t io n s .  However, s ince  during the course o f  f u r t h e r  
s o lv e n t  e x t r a c t i o n  s tu d ie s  i t  was observed t h a t  the Cu complex became 
u n s ta b le ,  attempts to re s o lv e  the two peaks were not made. This lo s s  
o f  s t a b i l i t y  again su ggests  a connection between water in the system and 
decomposition,  since  p r i o r  to the s o lv e n t  e x t r a c t i o n  study both columns 
( P a r t i s i l  5 and 10) in use had been used with only dry or isopropanol 
modified e lu e n t s .
Having developed an HPLC system s u i t a b l e  f o r  the a n a l y s i s  o f  e x t r a c t s  
o f  Ni and Co from aqueous s o l u t i o n ,  the e f f e c t  of  d iv e r s e  ions on the 
determination o f  these  metals  was again considered.  The r e s u l t s  are 
summarised in Table 7 . 6 .  A reduction in °% recovery o f  8% (approx. 
tw ice  the standard d e v ia t io n  o f  the determinations) was taken as 
i n d i c a t i n g  i n t e r f e r e n c e .  Although P b ( I I ) ,  B i ( I I I )  and Cd(II)  form 
complexes under the e x t r a c t i o n  c o n d i t i o n s ,  the ra te  o f  formation i s  
a ppare nt ly  slower than f o r  Ni and Co since  HTDBM in excess o f  the d iv e r s e  
ion i s  not required to  obtain complete e x t r a c t i o n  o f  Ni and Co.
S i m i l a r l y ,  the formation o f  the Zn complex i s  apparent ly  f a s t e r  than 
f o r  Ni but slower than f o r  Co. Other metal ions which form complexes 
under the e x t r a c t i o n  c o n d i t i o n s ,  i . e .  C u ( I I ) ,  A g ( I ) ,  H g (II ) ,  reduce 
the % re covery o f  Ni and/or Co when present  in 100Q~fpld excess  with
■i ■
HTDBM in e x c e s s ;  t h i s  i s  p o s s i b l y  due to the p r e c i p i t a t i o n  o f  the 
complexes o f  the d iv e r s e  ion s .  In some cases ( i . e .  P b ( I I ) ,  B i ( I I I ) 9 
f l u o r i d e )  the presence o f  a d iv e r s e  ion appare nt ly  in c re a se s  the % 
e x t r a c t i o n  to > 99% (> mean + 2 x 's ta n d a rd  d e v ia t io n  o f  the 
determinations in the absence o f  d iv e r s e  ions
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Table 7.6 Summary o f  the e f f e c t  o f  some d iv ers e  ions on the 
determination o f  Ni and Co
Category
a) ions which did not i n t e r f e r e  in 
<s 1000-fold e x c e s s ,  without  
excess HTDBM
b) ions which did not i n t e r f e r e  in
< 1000-fold e x c e s s ,  with excess 
HTDBM
c) ions which did not i n t e r f e r e  in 
^ 100-fold e x c e s s ,  without 
excess HTDBM
d) ions which did not i n t e r f e r e  in
< 10 - fo ld  excess
e) ions which did not i n t e r f e r e  in 
1:1  r a t i o
Ions
P b ( I I ) * ,  B i ( I I I ) * , C d ( I I I , 
M n(II) , Ca, Mg, K, Na, 
Zn(II)(Co o n l y ) ,  phosphate, 
o x a l a t e ,  f l u o r i d e * ,  c h l o r i d e ,  
a c e t a t e ,  su lpha te ,  n i t r a t e .
Zn( I I ) (Ni and Co), Cu(II)
(Co o n ly ) .
Cu(II)  (Ni and Co),  Ag(I) 
Al ( I I I ) , H g ( I I ) , c i t r a t e .
Fe ( I I I )
C r ( I I I ) , S n (I I ) / ( I V )
NB. Ni and Co did not mutually  i n t e r f e r e  in 1000-fold e x c e s s ,  provided 
t h a t  HTDBM was in e x c e s s ;  * % recovery > 99%
and t h i s  may be due to the in creased  i o n ic  s trength  o f  the aqueous 
s o lu t io n s  in these c a s e s .  The re duction in % recovery in the presence 
o f  F e ( I I I ) ,  Cr( I I I )  and S n ( I I ) / ( I V )  i s  not apparently  due to complex formation 
and i s  th e r e fo r e  not e a s i l y  accounted f o r .  In the case o f  Mg, c i t r a t e  
and o x a l a t e ,  the organic phase remained pale y e l l o w  a f t e r  NaOH e x t r a c t i o n ,  
p o s s i b ly  as a r e s u l t  o f  the formation o f  an ion p a i r  sp ec ies  in the case 
o f  Mg, or enhancement o f  the formation o f  the Na ion p a i r  in the case 
o f  the anions ,  which i s  c o n s i s t e n t  with the l a r g e r  pestks with t ^ u 
obtained.  Larger peaks with t ^ u were a lso  obtained f o r  e x t r a c t i o n s  
with Pb( I I ) and Zn(II)  as d iv e r s e  ions and these can be a t t r i b u t e d  to 
these complexes, which are q u i te  so lu b le  in TMP, decomposing to the 
l ig a n d .  The d i f f i c u l t y  experienced in chromatographing the organic
phases from e x t r a c t i o n s  using > 10”  ^ M HTDBM s o lu t io n  due to the 
presence o f  extraneous peaks,  may again be due to  the Na+ TDBM” ion 
p a i r ,  s ince  an increa se  in l i gand concen tration  may in cre ase  l igand 
ion p a i r  formation.
To complete the study o f  the l i m i t a t i o n s  o f  the a n a l y s i s  o f  Ni 
and Co by so lv e n t  e x t r a c t i o n  o f  the HTDBM c h e la te s  and HPLC, other 
water- immiscible  s o lv e n ts  which might be used as e x t r a c t i n g  so lv en ts  
were cons idered.  The s o lv e n ts  i n v e s t i g a t e d  (see Table 9 . 1 9 ,  p . 190) 
were not found to  contain Ni or Co im puri t ies  e x t r a c t a b l e  by t h i s  
method. However, the use o f  d ie th y l  and d ii so p ro p yl  e th ers  i s  precluded 
s ince  peaks in the t ^ 1* - t ^ °  region were obta ined,  and toluene and 
benzene gave t a i l i n g  s o lv e n t  peaks which might i n t e r f e r e  with the 
determination o f  N i . The remaining hydrocarbon s o l v e n t s ,  i . e .  c y c l o -  
hexane, hexane, petroleum e t h e r s ,  and ch lo r in a ted  hydrocarbon s o l v e n t s ,
i . e .  chloroform, dichloromethane,  d ic h lo roe th an e,  could be used as 
e x t r a c t i n g  s o lv e n ts  without contamination o f  the sample s o lu t io n  with 
Ni or Co or i n t e r f e r e n c e  with Ni determinat ion.  However, the optimal 
e x t r a c t i o n  condit ions are dependent on the s o lv e n t  and would have to 
be re co nsid ere d,  and in the case o f  the c h lo r ina ted  hydrocarbons the 
e x t r a c t  would have to  be d i l u t e d  to match the p o l a r i t y  o f  the e lu e n t  
p r i o r  to  HPLC a n a l y s i s .
Having developed a method f o r  the a n a ly s is  o f  Ni and Co by c h e la t i o n  
and HPLC and i n v e s t i g a t e d  the e f f e c t  o f  many common ions on the d e t e r ­
minations ,  the method was appl ied  to a v a r i e t y  o f  specimens s e l e c t e d  to 
demonstrate the v e r s a t i l i t y  o f  the method (see Table. 9.20,  p . 194).
In the preparat ion o f  the samples to g iv e  aqueous s o lu t io n s  f o r  e x t r a c t i o n ,  
e i t h e r  dry or wet ashing procedures were employed. Ni and/or Co were 
found in hard margarine (Echo),  i n s t a n t  te a  (Drinkmaster,  Nestea),  blood 
serum (human, r a t ) ,  f r e e z e - d r i e d  r a t  l i v e r  and a p la nt  sample. A f t e r
d e s tru c t io n  o f  the organic matter  the metals in the d i f f e r e n t  samples 
would be expected to  be in a v a r i e t y  o f  inorg anic  m a tr ic e s .  In 
p a r t i c u l a r ,  the human serum sample contained an apprec ia b le  concentra ti on  
o f  Cu and t h e r e f o r e  a more concentrated so lu t io n  o f  HTDBM (10 M) than 
normally used was required  f o r  the e x t r a c t i o n  o f  t h i s  sample.
Some o f  the s o lu t io n s  prepared f o r  e x t r a c t i o n  were a l s o  analysed 
independently f o r  Ni by Mr. J.  Richmond, Department o f  Chemistry,
U n i v e r s i t y  o f  Surre y,  by flame or f lam e!e ss  atomic absorption sp ectro sco py .  
Co analyses  were not p o s s i b le  s in c e  a Co lamp was not a v a i l a b l e .
Genera ll y  only q u a l i t a t i v e  agreement with the r e s u l t s  obtained in t h i s  
work was found, although q u a n t i t a t i v e  agreement was obtained in the 
case o f  Echo margarine. Since a method f o r  Ni a n a l y s i s  was not i'n 
ro ut in e  use,  and in view o f  the s u s c e p t i b i l i t y  o f  atomic absorption 
analy ses to i n t e r f e r e n c e  from matr ix  e f f e c t s  and the v a r i e t y  o f  matr ices 
under i n v e s t i g a t i o n ,  t h i s  i s  to be expected.  The r e s u l t  obtained in 
t h i s  work f o r  Co in human blood serum was, however, in good agreement 
with t h a t  obtained by Dr. A. T a y lo r ,  Biochemistry Department, U n i v e r s i t y  
o f  Surrey ,  with a r o u t i n e l y  used l i t e r a t u r e  method based on e x t r a c t i o n  
and atomic absorption sp ectro sco py .
7 .3  CONCLUSIONS
The requirements f o r  the a p p l i c a t i o n  o f  HPLC to  the a n a ly s is  o f  
metals v i a  t h e i r  complexes have been s e t  out and dis cussed  in Chapter 5.  
These requirements have been s y s t e m a t i c a l l y  i n v e s t i g a t e d  f o r  the general 
case o f  metal a n a ly s is  v i a  complexes with HTDBM and f o r  the p a r t i c u l a r  
cases  o f  a n a ly s is  o f  Ni and Co. The UV absorption  o f  the complexes was 
g e n e r a l l y  high and in some cases the spectr a  were markedly d i f f e r e n t  from
t h a t  o f  the l i g a n d .  The complexes were g e n e r a l l y  more so lu ble  in 
semi-polar and non-polar s o lv e n ts  than the dibenzoylmethane complexes 
s tu died  (see Chapter 6) and were adequately s o lu b le  in the e lue n t  
s e l e c t e d  f o r  HPLC in the adsorption mode (dichloromethane/TMP).
Chromatographic s t a b i l i t y  was i n v e s t i g a t e d  using TLC on s i l i c a  and only 
the N i9 Co, Cu and Hg complexes were found to be s t a b l e .  On f u r t h e r  
i n v e s t i g a t i o n  o f  chromatographic s t a b i l i t y  using HPLC, only the Ni and 
Co complexes were found to  be s t a b l e ;  TLC on s i l i c a  does not,  t h e r e f o r e ,  
appear to be a complete ly r e l i a b l e  i n d ic a t io n  o f  chromatographic s t a b i l i t y  
in HPLC using a s i l i c a  s u b s t r a t e .  Since a r e l a t i o n s h i p  between the 
water content o f  the HPLC system and decomposition o f  Cu(TDBM)2 was 
i n d i c a t e d ,  d i f f e r e n c e s  in TLC and HPLC s t a b i l i t y  might be expected due 
to  d i f f e r e n c e s  in adsorbent water conte nt.
An HPLC system f o r  the se pa ra t io n  o f  Ni(TDBM)2 and Co(TDBM)3 was 
developed and the a d d i t io n al  requirements f o r  the a p p l ic a t io n  o f  the 
system to the a n a ly s is  o f  Ni and Co were i n v e s t i g a t e d .  Recovery o f  
the metals as the complexes from aqueous s o lu t io n s  contain ing 6 n g -  0.6 yg/ml 
were 85-100% f o r  a s i n g l e  e x t r a c t i o n  and e q u i l i b r a t i o n  was f a s t  (10 min). 
I n te r fe r e n c e  from excess HTDBM was removed by b a c k - e x tra c t io n  o f  the 
org anic  phase with sodium hydroxide s o lu t io n  and many d iv e rs e  ions were 
t o l e r a t e d  in 100 - 1000-fold e x c e s s ,  although s i g n i f i c a n t  i n t e r f e r e n c e  
was obtained f o r  C r ( I I I ) ,  S n ( I I ) / ( IV) and F e ( I I I ) .
Thus a method f o r  the simultaneous determination o f  Ni and Co in
aqueous s o lu t io n  has been developed.  The extreme s e n s i t i v i t y  o f  the
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d e t e c t o r  al lows 3 x 10 g o f  Ni or  Co to be d etected  (using a P a r t i s i l  5 
column) and although these are s l i g h t l y  higher than the d e te c t io n  l i m i t s  
found f o r  Cr and Co in the study using dibenzoylmethane (see Chapter 6) 
i t  i s  s t i l l  c l e a r  t h a t  the l i m i t s  a t t a i n a b l e  by c h e l a t i o n  and HPLC are 
lower than reported in the l i t e r a t u r e .  The l i m i t s  compare q u i te
favo urably  with those re ported  f o r  oth er techniques f o r  t r a c e  a n a l y s i s  
(see Table 7 .7 )  and in view o f  the p o s s i b i l i t i e s  f o r  simultaneous 
determination o f  se ve ra l  metals the method c l e a r l y  has s i g n i f i c a n t  p o t e n t i a l .
Table 7 .7  Comparison o f  approximate d e te c t io n  l i m i t s  f o r  Ni and Co 
reported  f o r  var ious  methods 3 , 8 , 1 1 , 1 2 , 9 4 , 9 9
Method
Approx.detect ion l i m i t
(g)
Ni Co
mass spectrometry (spark source) 7 x TO"11 5 x TO"11
mass spectrometry ( c h e la te ) I C f 11 I C f 11
atomic absorption (flame) 2 x 1 0 ' 9 2 x 1 0 ' 9
atomic absorption ( f la m e !e ss ) 4 x 10‘ 12 2 x 1 0 ' 12
neutron a c t i v a t i o n  a n a ly s is 5 x TO'9 5 x 1 ( f 10
ra d io iso to p e  techniques » 1 . 5  x 10’ 14
gas chromatography 5 x TO’ 11 4 .4  x 10 "11
HPLC 2 x TO"10 5 x 1 0 ' 9
HPLC ( t h i s  work) 3 x TO’ 11 3 x 10"11
!
Aqueous s o lu t io n s  with Ni and Co concen tra ti ons o f  approximately 
6 ng/ml can be r o u t i n e l y  e x tr a c te d  and determined. The lower concentration 
l i m i t  f o r  aqueous s o lu t io n s  may be decreased by concen trat ion  o f  the 
organic e x t r a c t  or  by the i n j e c t i o n  o f  l a r g e r  sample volumes. At the 
60 ng/ml le v e l  the standard d e v ia t i o n  o f  the determination o f  both Ni 
and Co i s  + 4%. The a p p l i c a t i o n  o f  the method to the determination o f  
Ni and Co in a v a r i e t y  o f  specimens has been demonstrated. The general
method f o r  t race  ana lys is  o f  Ni and Co i s  g iven  below.
A method f o r  the simultaneous determination o f  t r a c e s  o f  Ni and Co 
by c h e la t io n  and HPLC
1 .  Ash the sample and prepare an aqueous s o lu t io n  conta ining 
< 1 pg/ml o f  each m e t a l .
2. Place an a l i q u o t  (5 ml) in a g l a s s ,  p l a s t i c  stoppered tube ,  
n e u t r a l i s e  with ammonia s o lu t io n  i f  necessary and add pH 9 
b u f f e r  so lu t io n  (5 ml).
3. Add IO '4 M HTDBM s o l u t i o n  in TMP (5 nil).
4.  Stopper and shake on a r o t a r y  shaker f o r  10 min.
5.  Remove aqueous phase by p i p e t t e .
6.  Shake organic phase with 0.1 M NaOH s o lu t io n  (5 ml) f o r  15 s e c .
7.  Using a P a r t i s i l  5 or  10 column, 45% dichloromethane in TMP as
e lu e n t  and 1 .5  or 3.0 ml/nrin f low rate  r e s p e c t i v e l y ,  chromatograph 
a l i q u o t s  o f  the organic phase.
8. Compare peak he ights or areas  with standard c a l i b r a t i o n  curv es.
7 •4 SUGGESTIONS FOR FURTHER WORK
I t  has been seen in t h i s  work t h a t  the chromatographic i n s t a b i l i t y  
o f  many complexes during HPLC i s  a major o b s ta c le  to  the r e a l i s a t i o n  
o f  the p o te n t ia l  o f  t h i s  method o f  metal a n a l y s i s .  A p o s s ib le  cause o f  
decomposition may be su r fa c e  i n t e r a c t i o n s  in the presence o f  water and
i f  t h i s  i s  g e n e r a l l y  true  t h i s  may be the l i m i t in g  f a c t o r  on f u r t h e r
development o f  the method, s i n c e  unless  the organic e x t r a c t  can be dried 
without lo s s  o f  the complex, water w i l l  be introduced in to  the column 
during a n a l y s i s .  However, the development o f  new column packings may 
circumvent t h i s  problem as has been the case with GC, where complexes 
with inadequate e l u t i o n  c h a r a c t e r i s t i c s  on o l d - s t y l e  packings can now be
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determined a c c u r a t e ly  using new, h i g h ly  i n e r t  supports and frequent  
s i l a n i s a t i o n .  I t  would be o f  i n t e r e s t  to i n v e s t i g a t e  a m i c r o p a r t i c u la te  
p o la r  bonded phase packing in t h i s  c o n te xt .
Further development o f  the technique o f  metal a n a ly s is  by c h e la t i o n  
and HPLC may in volv e  the i n v e s t i g a t i o n  o f  the on-colunin s t a b i l i t y  o f  
complexes with a wide v a r i e t y  o f  l i gands  or i n v e s t i g a t i o n  o f  the mechanism 
o f  decomposition with a view to  developing methods o f  i n h i b i t i o n .  I t  i s  
p o s s i b le  th a t  the s e n s i t i v i t y  o f  the technique may be increased  somewhat 
by the s e l e c t i o n  o f  l igan ds  with very high molar e x t i n c t i o n  c o e f f i c i e n t s  
but methods o f  sample concentra ti on  are more l i k e l y  to  produce s i g n i f i c a n t  
enhancement o f  s e n s i t i v i t y .
In s p i t e  o f  the d i f f i c u l t i e s  due to decomposition o f  complexes 
during chromatography, i t  i s  c l e a r  t h a t  metal a n a ly s is  by c h e la t i o n  and 
HPLC has s i g n i f i c a n t  p o t e n t i a l  and, p a r t i c u l a r l y  in view o f  the 
p o s s i b i l i t i e s  f o r  the simultaneous determination o f  severa l  m eta ls ,  the 
d e te c t i o n  l i m i t  a t t a i n a b l e  warrants f u r t h e r  i n v e s t i g a t i o n s  of  
a p p l i c a t i o n s  o f  t h i s  method.
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HPLC STUDIES OF SOME METAL COMPLEXES OF SOME g-DIKETONES
8.1 PREPARATION OF METAL COMPLEXES
The 3~diketones used were acetyl acetone (2,4-pentanedione, HAA;
Fisons, Loughborough, L e i c s . ) ,  benzoyl acetone (1 -phenyl- 1 ,3-butanedione,
HBA; BDH Chemicals L td . ,  Poo le, Dorset) ,  and dibenzoylmethane 
( 1 ,3-diphenyl-l ,3-propanedione, HDBM; BDH Chemicals,Ltd. , Poole,
Dorset) .  Deionised water was used throughout th is  work. Metal sa l ts  
used were AR grade whenever poss ib le ,  or reagent grade. The Co(AA)o 
was prepared by M. Post, Department o f  Chemistry, Univers ity  o f  Surrey.
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Preparation o f  b i s ( a c e t y l a c e t o n a t o ) 'C u ( I I ) , Cu(AA)2
Copper ( I I )  n i t ra te  tr ihydrate  (5 g) was d isso lved in water (100 ml) 
and buffered immediately before use by the addition o f  sodium acetate (5 g ) .  
This solut ion was shaken with HAA (8 g) in 96% ethanol unti l  the reaction 
appeared complete. The blue p rec ip i ta te  was f i l t e r e d  o f f  and 
r e c ry s ta l l i s ed  from benzene. The dark blue needles were dried under 
vacuum at 60°C.
Cu(BA)2 , Co(AA)2 . Co(BA)2.H20, N1(AA)2.2H20, and Ni (BA)2.H20 were 
prepared by the same method.
CHAPTER 8
A warm solut ion o f  copper ( I I )  n i t ra te  tr ihydrate  (0.54 g) and 
sodium acetate (0.5 g) in alcohol was added dropwise, with s t i r r in g ,  
to a warm solution o f  HDBM (1.0 g) in a lcohol .  On coo l ing ,  the o l i v e -  
green p rec ip i ta te  was f i l t e r e d  o f f ,  washed with alcohol ,  dried and 
rec rys ta l l i s ed  from chloroform. The dark green needles were dried 
under vacuum at 60° C.
Ni(DBM)2.2H20, Co(DBM)2.2H20, Fe(DBM)3 and A1{DBM)3 were prepared 
by the same method. In the preparation o f  Cr(BA)3 and Cr(DBM)3 , the 
react ion mixture was heated under re f lux ,w ith  s t i r r i n g ,  f o r  two hours 
pr io r  to  cooling and subsequent pur i f ica t ion  o f  the crude product.
In the preparation o f  Co(BA)3 and Co(DBM)3 , a small quantity o f  hydrogen 
peroxide was added to the metal s a l t  solution and the pH adjusted to  8 
v/ith NaOH solut ion (2M) p r io r  to the addition o f  the l igand solut ion.
In the case o f  Co(DBM)3 , the react ion mixture was heated under re f lux ,  
with s t i r r i n g ,  f o r  one hour pr io r  to cooling and subsequent pur i f ica t ion  
o f  the crude product.
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PTepafation o f  bis(dibenzoylmethahato) Zn( 11) ,  Zn(DBM)2
HDBM (1.0 g) and zinc oxide (0.18 g) were ground together in a 
pest le  and mortar and then heated on a steam bath unti l  reaction 
appeared complete. The product was rec rys ta l l is ed  from methanol/ 
chloroform and the pale ye l low  needles dried under vacuum at 60° C.
Zn(BA)2.CH30H, Mg(BA)2.H20 and Mg(DBM)2.H20 were prepared by the 
same method. Zn(AA)2.H20 was prepared by a s imilar  method using zinc
191
hydroxide in place o f  the oxide . Zn(BA)2.CH30H was dried under 
vacuum at 30° C.
Preparation of bis(dibenz6ylmethanat6) Cu(II), Cu(DBM)2
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Chromium ( I I I )  chloride hexahydrate (1.33 g) was dissolved in 
water (50 ml),  and urea (10 g) and acetyl acetone (3 g)  were added. The 
react ion vessel was covered with a watch glass and heated overnight on 
a steam bath. The maroon p la t e - l ik e  crysta ls  were f i l t e r e d  o f f ,  dried 
and r ec rys ta l l is ed  from benzene/petroleum ether (60-80°C). The maroon 
needles were then dried under vacuum at 60° C.
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Preparation o f  b is (acety lace tonato )  M g ( I I ) ,  Mg(AA)o
HAA (5 g) in twice i t s  volume o f  70% ethanol was added slowly,  
with s t i r r in g ,  to magnesium turnings ( 1.1 g)  heated on a steam bath.
When the reaction appeared complete, the mixture was f i l t e r e d  and the 
white so l id  which formed on cooling was rec rys ta l l is ed  from 96% ethanol. 
The white needles obtained were dried under vacuum at 60° C.
Analyses
The carbon and hydrogen content o f  the complexes was determined 
by the Microanalytical Serv ice ,  Univers ity  o f  Surrey, Guildford, Surrey.
Chromium was determined by dry ashing known weights o f  the 
complexes at 800° C, and ca lculat ion o f  the metal content o f  the 
complexes from the weights o f  oxide obtained.
The metal content o f  the t r i v a l e n t  cobalt  complexes was determined 
by wet ashing with conc. n i t r i c  acid AR, fol lowed by EDTA t i t r a t i o n 1.94
The metal contents o f  the l a b i l e  complexes v/ere determined by 
decomposing a given weight o f  the complex by bo i l ing  i t  in d i lu te  
hydrochloric acid f o r  two hours, adjusting the result ing  solut ion to a
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Preparation of tris(acetylacetonato) Cr(III) , Cr(AA)3
known volume, and t i t r a t in g  al iquots with EDTA .
Melting points were obtained using a K o f f l e r  melting point 
apparatus.
Further de ta i l s  o f  preparations and analyt ica l  data are given in 
Tables 8.1 and 8.2. Molecular formulae were assigned on the basis 
o f  analy t ica l resu lts .
IR spectra o f  the complexes in Nujol mulls were obtained using
a Perkin Elmer 157 G grat ing IR Spectrophotometer, and those showing
-1
a peak at approx. 3400 cm corresponded with those found to  be 
solvated on the basis o f  the analy t ica l resu lts .
8.2 UV SPECTRA
The complexes were genera l ly  spar ingly soluble in water and 
saturated hydrocarbon so lvents ,  more soluble in dioxan, THF, a c e t o n i t r i l e  
and alcohols ,  and most soluble in 1 ,2-dimethoxyethane, acetone and 
chloroform.
AR chloroform was used as the solvent  f o r  the determination o f
-4 -2
UV data. Stock solut ions (10 - 10 M) were prepared and solutions
o f  suitab le  concentration f o r  UV analysis prepared by d i lu t ion .
UV spectra were obtained using a Uni cam SP 8000 UV recording spectro­
photometer, and the approximate values o f  A  ^ noted. Amax values 
were then determined accurately using a Uni cam SP 3000 UV spectro­
photometer, and molar ex t inct ion  c o e f f i c i e n t  (emax) values calculated 
f o r  at leas t  two solut ion concentrations. The UV data obtained are 
given in Table 8.3 and examples o f  spectra are given in Figures 8.1,
8.2 and 8.3.
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Table 8.3 (a) UV data for HAA and some metal complexes (in chloroform)
C o m p o u n d ^max
(n m )
( L i t e r a t u r e
v a l u e s )
l o " *  x  ( i  m o} e “ 1 cm " l )  
a t  g i v e n  c o n c e n t r a t i o n
- 41 0  x  m e a n  e m!W l m a x
(1  m o l e  cm )
( L i t e r a t u r e
v a l u e s )
2  x  1 0 " G M 4  x  1 0 " 5 M 8  x  1 0 ' 5  M
HAA 2 7 4 ( 2 7 4 ) 1 6 5 0 . 9 1 0 . 9 1 0 . 8 9 0 . 9 0 ( 1 . 0 6 ) 1 5 5
C u ( A A ) 2 2 9 7 ( 2 9 8 ) 1 ^ 9 2 . 3 5 2 . 3 9 - 2 . 3 7 ( 2 . 5 0 ) 1 9 9
Co ( A A ) 2 2 8 9 ( 2 9 2 ) 1 6 5 1 . 8 7 1 . 8 8 1 . 8 7 1 . 8 7 ( 1 . 6 2 ) 1 s  5
N i ( A A ) 9 .2 H 2 0 2 9 4 - 1 . 3 6 1 . 3 9 1 . 4 4 1 . 3 9 -
Z n ( A A ) 2 .H2 0 2 7 5 - 2 . 0 9 2 . 0 5 1 . 9 8 2 . 0 4 -
M g ( A A ) 2 2 8 4 ( 2 8 4 ) 16  5 2 . 4 7 2 . 4 5 - 2 . 4 6 ( 2 . 1 2 ) 1 6 5
C r ( A A ) 3 3 3 5 ( 3 3 5 ) 1 7 1 1 . 6 8 1 . 6 5 1 . 6 1 1 . 6 5 ( 1 . 7 0 ) m
1 . 2 5 x l O " 5 M 2 . 5 0 x l 0 “ 5 M 3 . 7 5 x l 0 " 5 M
Co ( A A ) 3 2 5 8 ( 2 5 8 ) 1 7 1 3 . 6 9 3 . 6 4 3 . 7 0 3 . 6 8 ( 3 . 4 7 ) 171
3 2 4 ( 3 2 5 ) 1 7 1 0 . 9 0 0 . 8 8 0 . 8 6 0 . 8 8 ( 0 . 7 9 ) 1 7 1
J a b l e  8 . 3  ( b ) UV d a t a  f o r  HBA a n d s o m e  m e t a l  c o m p l e x e s ( i n  c h l o r o f o r m ) -
2  x  1 0 - 5  M 4  x  1 0 " 5 M -  . .
HBA 3 1 0 ( 3 1 1 ) 1 7 0 1 . 5 9 1 . 5 9 - 1 . 5 9
17 0
0 . 4 7 )
C u ( B A ) 2 2 5 0 - 2 . 5 5 2 . 5 2 - 2 . 5 4 *
3 2 4 - 3 . 4 0 3 . 3 3 - 3 . 3 7 • ~
C o ( B A ) 2 .H 2 0 3 1 7 - 2 . 9 3 2 . 9 0 - 2 . 9 2 -
n i ( b a ) 2 . h2 o 3 2 0 - 2 . 4 4 2 . 3 6 2 . 4 0 -
Z n ( B A ) 2 .CH3 0H 3 1 0 - 3 . 1 6 3 . 1 2 - 3 . 1 4 -
M g ( B A ) 2 .H 2 0 3 1 8 - 3 . 2 1 3 . 2 0 - 3 . 2 1 -
C r ( B A ) 3 2 6 0 ( 2 5 9  1 3 . 1 5 3 . 0 2 - 3 . 0 9 ( 2 . 6 9 ) 17 1
3 5 9 ( 3 5 9 ^ 7 1 2 . 6 2 2 . 5 2 - 2 . 5 7 ( 2 . 2 9 ) 171
1 x  1 0 ’ 5  M 2  x  1 0 " 5  M 3  x  1 0 " 5 M
C o ( B A ) 3 2 6 7 ( 2 6 5 ) 1 7 1 5 . 7 0 5 . 7 6 5 . 7 7 5 . 7 4 ( 5 . 5 0 ) 17 1
3 5 6 ( 3 5 5 ) 1 7 1 1 . 4 0 1 . 3 6 1 . 3 6 1 . 3 7 ( 1 . 1 2 ) 1 7 1
T a b l e  8 . 3  ( c )  UV d a t a  f o r  HDBM a n d  s o m e  m e t a l  c o m p l e x e s  ( i n  c h l o r o f o r m )
1 x  1 0 _ 5 M 2  x  1 0 “ 5  M 4  x  I Q ' 5 M
1 7 0 1 7 0
HDBM 3 4 4 ( 3 3 9  ) 2 . 5 4 2 . 5 3 2 . 5 5 2 . 5 4 ( 2 . 4 3 )
( i n  h e x a n e )
C u (D B M )2 2 6 6 - 3 . 0 7 3 . 1 5 3 . 2 6 3 . 1 6 ~
3 5 0 - 4 . 3 0 4 . 4 3 4 , 4 1 4 . 3 8 -
Co (D BM )2 . 2 H 2 0 3 4 5 - 4 . 1 4 4 . 1 2 3 . 9 7 4 . 0 8 -
N i ( D B M ) 2 . 2 H 2 0 3 4 8 - 4 . 0 7 3 . 9 6 3 . 9 5 3 . 9 9 -
Z n (D B M )2 3 4 3 - 4 . 7 6 4 . 6 1 4 . 4 7 4 . 6 1
Mg(DBM)2 .H 2 0 3 4 6 - 4 . 6 3 4 . 4 8 4 . 4 7 4 . 5 3 -
C r ( D B M ) 3 2 6 3
1 7 1
4 . 7 3 4 . 7 0 4 . 6 9 4 . 7 1
1 7 1
3 8 8 ( 3 8 5 ) 3 . 5 4 3 . 4 7 3 . 2 8 3 . 4 3 <3 - 3 1 \ 7 ,
F e ( D B M ) 3 3 1 5 ( 3 1 2 )  1 7 2 5 . 0 4 5 . 0 4 5 . 0 4 5 . 0 4 ( 4 . 4 7 )  ’172*
4 0 0 ( 3 8 3 )  1 7 2 1 . 4 5 1 . 4 7 1 . 4 61
1 . 4 6 ( 0 . 7 2 )
0 . 5 x l 0 " G M l . O x l Q " 5 M 1 . 5 x 1 0 " - '  M
Co (D BM )3 2 8 6 ( 2 8 8 )  1 7 1 8 . 5 9 8 . 5 9 8 . 6 0 8 . 5 9 ( 3 . 9 8 )
3 8 2 ( 3 8 0 )  171 2 . 2 4 2 . 2 5 2 . 2 0 2 . 2 3 ( 1 . 2 6 ) 171
A 1 ( D B M )3 3 5 0 ( 3 4 8 )  1 7 2 7 . 8 6 7 . 8 7 7 . 8 8 7 . 8 7 ( 4 . 4 7 ) 1 7 2
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The absorptions at 254 and 280 nm were also measured f o r  a l l  
C o ( I I I )  and Cr complexes, and the corresponding molar ext inct ion  
c o e f f i c i e n t s  calculated.  The results  are given in Table 8.4.
Table 8.4 Additional UV data f o r  C o ( I I I )  and Cr complexes
Complex 1 0  4  x  e 2 5 4  
(1 mole”  ^ cm” ^)
1°  x 0?8O
(1 mole”  ^ cm” ^ )•
Cr(AA)3 1.16 1.08
Cr(BA)3 2.95 2.48
Cr(DBM)3 4.01 3.96
Co(AA)3 3.50 1.60
Co(BA)3 4.67 5.45
Co(DBM)3 4.30 8.41
8*3 THIN-LAYER CHROMATOGRAPHY
TLC was used to f ind  a suitable  system o f  stationary and mobile 
phases. The fo l low ing  stat ionary phases were invest iga ted ;  s i l i c a ,  
alumina, Bentone 38, s i l i c on e  o i l  coated s i l i c a ,  Carbowax 400 coated 
s i l i c a  and ethanol amine coated s i l i c a .
TLC on s i l i c a
Plastic-backed s i l i c a  plates (E. Merck, Darmstadt, W. Germany, 
P la s t i ck fo l i en ;  lOOum, s i l i c a  gel GF254) were cut in to  s tr ips  and used
f o r  exploratory work. Samples were detected e i the r  by means o f  th e i r  
charac te r is t ic  colours or by v isua l isa t ion  under UV l i g h t  (254 nm).
Sample loadings were t y p i c a l l y  about 10 yg (from chloroform or acetone).  
Solvent compositions quoted are v/v.
In a prel iminary inves t iga t ion  using the three most highly 
coloured HAA complexes (Cu, Cr and C o ( I I ) )  f o r  ease o f  locat ion o f  spots, 
and a range o f  developing so lvents ,  chloroform was found to g ive  the 
most compact spots and the most suitable  Rp values (between 0.3 and 0.8 
f o r  Cu and Cr complexes).  Water, a c e t o n i t r i l e ,  methanol, THF and 
1,2-dimethoxyethane resulted in streaking f o r  the Cu and C o ( I I )  
complexes, and hexane did not move the spots.
The range o f  complexes and the l igands were chromatographed on 
glass plates (Schle icher and Schu l l , Anderman and Co.Ltd . ,  London;
250 ym, s i l i c a  gel GF234) with chloroform as solvent.  With the exception 
o f  the C o ( I I I )  and Cr complexes, Cu(AA)2 and Al(DBM)3 , a l l  complexes 
migrated as the corresponding l igand. Data are given in Table 8.5.
I t  was noted that the colour o f  the Fe(DBM)3 spot was l o s t  slowly 
during migration.
Various other developing solvents were t r i ed  f o r  the range o f  
complexes including chloroform, acetone, THF or 1,2-dimethoxyethane 
mixtures with hexane, trimethylpentane (TMP) and cyclohexane. Variat ion 
o f  the hydrocarbon const ituent did not influence migration, and var ia t ion  
o f  the polar consti tuent did not resu l t  in separation o f  the spots f o r  
the l a b i l e  complexes from the corresponding l igand. A c e ton i t r i l e  and 
methanol again caused streaking.  Diisopropyl ether/chloroform 
mixtures and diethyl ether did not resu l t  in separation. Multiple  
development with 10% chloroform in hexane was t r i e d ,  but no separation 
o f  the spots f o r  the l a b i l e  complexes was obtained. Deta i ls  o f  TLC
using 75% dichloromethane in TMP and 50% acetone in TMP as developing 
solvents are also given in Table 8.5.
Table 8.5 TLC data f o r  HAA, HBA, HDBM and some metal complexes
Compound
Rp values in the given developing solvent
Chloroform 75% dichloromethane 
in TMP
50% acetone in TMP
HAA 0.61 0.24 0.55
HBA 0.73 0.39 0.58
HDBM 0.83 0.61 0.58
Cr(AA)3 0.39 0.05 0.50
Co(AA)3 0.39 0.03 0.44
Cu(AA)2 0.39, 0.61(s ) 0, 0.24(s) 0.02( s )
Co(AA)2 0.61(s ) 0 .24(s ) 0
Ni(AA)^2H20 0.61(s ) 0 .24(s ) 0
Cr(BA)3 0.60, 0.69 0.15, 0.31 0.52
Co(BA)3 0.58, 0.64 0.12, 0.24 0.52
Cr(DBM)3 0.86 0.66 0.50
Co(DBM)3 0.84 0.63 0.50
A1(DBM)3 0.86, 0.83 0.61 0.52, 0.58(small )
( s )  = streaking
Fe(DBM)3 and HDBM v/ere chromatographed using 50% chloroform in 
TMP containing 0.01, 0.1 and 1.0% HDBM (w/v). Two spots were obtained 
f o r  Fe(DBM)3 with 0.01% HDBM in the so lvent ,  one red (Rp = 0.1) and one 
with the same Rp as HDBM (0 .8 ) .  With the higher concentrations o f  
HDBM in the so lvent ,  one red spot was obtained (Rp = 0.2 and 0.6 f o r  
0.1% and 1.0% HDBM r esp ec t i v e l y ) .
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TLC on alumina
The HDBM complexes were chromatographed on a lkaline alumina 
plates (E. Merck; 0.25 mm; alumina 6OF204 Type E) using 50% chloroform 
in TMP and 10% butan-l-ol in cyclohexane as developing solvents. No 
separation o f  the spots f o r  the complexes from the l igand was obtained. 
With the exception o f  Co(DBM)3 and Cr(DBM)3 , some residue remained at 
the o r ig in .
TLC on Bentone 38
Bentone 38 (1 g ) ,  Kieselguhr (1 or 5 g ) ,  toluene (30 or 20 ml) 
and f luoresce in  (0.1 g) were mixed and coated onto glass p lates.  The 
1:5 Bentone:Kieselguhr plates had a more r e s i l i e n t  surface. The HDBM 
complexes did not migrate in hydrocarbon solvents or methanol, and 
acetonitri le/methanol mixtures caused streaking.
TLC on s i l i cone  o i l  coated plates
The plates were prepared by dipping dry s i l i c a  gel G plates in a
o 200
7% solut ion o f  s i l i cone  o i l  in petroleum ether (40 - 60 C), The 
sample spots were applied immediately and the plates were dried at 
room temperature .
Methanol, a c e t o n i t r i l e ,  water and a range o f  binary and ternary 
mixtures o f  these solvents did not resu l t  in a separation o f  the spots 
f o r  the l a b i l e  HDBM complexes and the l igand. Considerable streaking 
was observed.
S i l i c a  gel G plates were dipped in a 1:6 Carbowax:ethanol solution 
and allowed to dry. The spotting solutions and the developing solvents 
were saturated with Carbowax.
HDBM and HBA complexes were chromatographed using 10% chloroform 
in TMP and 10% THF in TMP. The Cr and C o ( I I I )  complexes did not migrate 
and the other complexes ran as the l igand (Rp approx. 0 .5 ) .  Cu(BA)2 
gave a blue spot at the o r ig in  and streaked to  the same Rp as the l igand.
TLC on ethanol amine coated plates
S i l i c a  gel G plates were dipped in a 20% solut ion o f  ethanol amine 
in chloroform and allowed to  dry. The spott ing solutions and developing 
solvents were saturated with ethanol amine..
HDBM complexes were chromatographed with 50% chloroform in TMP as 
developing solvent . The spots f o r  the lab i l e  complexes were not 
separated from the l igand (RF approx. 0 .4 ) .  Co(DBM)0 and Cr(DBMU ran
- * *5 ‘ j
to the solvent f ront .
8-4 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
TLC on Carbowax 400 coated plates
Except where stated otherwise, a Chromatrorvix 3100 l iqu id  
chromatograph with a loop in je c t ion  system, 220 absorbance detector  set 
at 254 nm and a W + W 1100 recorder were used. Detector s e n s i t i v i t y  
is  quoted as absorbance units f o r  f u l l  scale d e f l e c t io n ,  AUFS. Peak 
heights are quoted in absorbance units , AU, and peak areas in disc 
in teg ra tor  units , DIU. The parameters t R, N and Rs are defined in 
Chapter 4. Flow rate i s  re fer red  to as FR.
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Solvents used f o r  HPLC were laboratory grade and were pur i f ied
and dried by passage through columns o f  wide mesh, act ivated s i l i c a
201
gel as described by Whatman LabSales L td . ,  and stored in amber 
bo t t les  over molecular s ieves .  50% water saturated solvents were 
prepared as described in Chapter 4. Solvents were degassed immediately 
p r io r  to  use by shaking them in an ultrasonic  bath. In the case o f  
solvents containing alcohols or water, reduction in pressure was 
necessary to e f f e c t  adequate degassing. A l l  solvent compositions 
quoted are v/v. In normal phase operation samples were in jected  in 
solut ion in solvents less or equal to the eluent in po la r i ty  (v ice  
versa f o r  reverse phase operat ion ) .  The sample loop was cleared with 
solvent between in je c t ions .
8 *4 «1 Prel iminary invest i  gations
Porasi l  B (37-75 ym, Waters Associates L td . ,  Northwich, Cheshire),  
Vydac reverse phase, polar  bonded phase and adsorbent (30-44 yrn,
Separations Group, C a l i fo rn ia ,  U.S.A.)  and Bentone 38 (15% w/w Bentone 
on Chromatone) columns (500 mm, 2.1 mm I .D . ,  6.35 mm O.D.) were used 
in the preliminary invest igat ions  o f  the HBA and HDBM complexes by 
HPLC. The results are summarised in Table 8.6.
8•4•2 HPLC on microparticulate s i l i c a
A P a r t i s i l  10 column (Whatman LabSales L td . ,  Maidstone, Kent,
250 mm, 4.6 mm I .D . ,  6.35 mm O.D.) was used.
Chromatograms o f  HBA and HDBM were obtained using chloroform and
_ 0
1-5% methanol in chloroform as eluents (20 yl in je c t ions ,  10 M solut ions) 
Broad asymmetric peaks, as seen f o r  most samples on the Poras il  B. 
column, were obtained with chloroform. Increased methanol content o f
Table 8.6 Preliminary HPLC investigations
Column Eluent Details
Poras il  B chloroform or 
dichloromethane
C o ( I I I )9 Cr and Cu complexes U; 
peaks f o r  other complexes and 
l igands R and sharp; on addition 
o f  TMP to the eluent ( t o  10%
CHClo or CH2C12 in TMP) C o ( I I I )  
and Cr R, otner sample peaks 
B, A. Sol.
Vydac
adsorbent
10% chloroform 
in TMP
Al l  samples U; So l.
Vydac reverse 
phase
25% water in 
methanol
A l l  samples U. On increase o f  
water content o f  the eluent, 
peaks became B, A; Sol.
Vydac polar 
bonded phase
chloroform Al l  samples U. Addition o f  TMP 
to the eluent increased retention 
but peaks became B, A.
Bentone 38 methanol, 
ethanol
A l l  samples U; peaks B, A; So l.
U «  unretained (even at low f low ra te )
R = s l i g h t l y  retained
B, A = broad and asymmetric
Sol.  = samples general ly  sparingly  soluble in the e luent,  and hence 
detect ion d i f f i c u l t .
the e luent,  while decreasing retention and increasing peak height , did 
not improve symmetry or t a i l i n g .  I t  was also found with chloroform 
as eluent that f o r  a given sample weight a la rge r  response and smaller 
retention was obtained f o r  a r e l a t i v e l y  large  volume o f  a d i lu te  solut ion 
than f o r  a small volume o f  a more concentrated solut ion.
HBA and HDBM complexes (20 yl in je c t io n s ,  10~^ - 10~3 M so lut ions ) 
were chromatographed using chloroform as eluent. Cr(DBM)3 and Co(DBM)3
gave sharp, symmetrical, unretained peaks, and Cr(BA)3 and Co(BA)3 were 
not e luted. Other complexes gave peaks s imi lar  to the l igands. In order 
to check whether decomposition had taken place on the column the eluents 
from several in jec t ions  o f  the C o ( I I I ) ,  Cr and Cu complexes (Cr(BA)3 and 
Co(BA)3 , were eluted with 31 methanol in chloroform) were co l l ec ted ,  
concentrated, and a UV spectrum o f  each concentrate obtained and compared 
with the spectra o f  the authentic complexes. The eluents from the Cu 
complexes gave spectra corresponding to the l igands,  and the spectra f o r  
the C o ( I I I )  and Cr complex eluents corresponded to the authentic spectra 
o f  the complexes.
HPLC o f  Cr and C o ( I I I )  complexes
The enhanced s e n s i t i v i t y  obtained with increasing phenyl 
substitut ion o f  the l igand was estimated by measuring the peak heights 
o f  unretained peaks o f  the chelates using 3% methanol in chloroform as 
the eluent. Standard solut ions o f  a range o f  concentrations 
(dupl icate  20 yl in j e c t io n s ,  10~6 - 10~5 M solut ions,  FR *= 2.3 ml/min,
0.02 AUFS) were chromatographed. Graphs o f  absorbance (al lowing f o r  
solvent  blanks) against solut ion concentration were plotted and the 
s e n s i t i v i t i e s  f o r  the HBA and HDBM complexes compared with the HAA 
complexes by means o f  the gradients (see Table 8 .7 ) .
Table 8.7 Comparison o f  s e n s i t i v i t i e s  f o r  the Cr and C o ( I I I )  complexes
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Complex S e n s i t i v i t y  r e la t i v e  
to  HAA complex
Theoretical  r e la t i v e  
s e n s i t i v i t y  at 254 nm 
(CHC13) (see Table 8.4)
Cr(BA)3 1.92 2.55
Cr(DBM)3 2.30 3.47
Co(BA)3 1.25 1.33
Co(DBM)3 1.05 1.23
-147-
Using 50^ water saturated dichloromethane/TMP mixtures and a
range o f  f low ra tes ,  Cr(DBM)3 and Co(DBM)3 (20 or 40 y l ,  10~6 M in 
r
Cr(DBM)3 , 10“ Min Co(DBM)3 so lut ion )  were chromatographed. Deta ils  
o f  the optimal chromatogram obtained f o r  each eluent are given in 
Table 8.8 and chromatograms shown in Figure 8.4.  No loss in e f f i c i e n c y  
was found f o r  40 ul in je c t ions .
Table 8.8 HPLC separations o f  Cr(DBM)3 and Co(DBM)3
Optimisation of conditions for HPLC of Cr(DBM)3 and Co(DBM)3
Eluent FR
(ml/min)
, solvent  
*R
(min)
t  Cr R
t Co 
ZR NCr NCo RS
Analysis
time
(min)
75% d ich loro ­
methane in 
TMP
0.5 6.40 7.50 8.13 2980 2940 1.1 9.0
60% d ich loro ­
methane in 
TMP
2.6 1.27 2.10 2.47 1760 1790 1.7 2.6
40% d ich loro­
methane in 
TMP
2.5 1,37 4.27 5.40 1680 1440 2.2 5.8
60% dichloromethane in TMP was se lected f o r  further  work but, since 
d i f f i c u l t y  was experienced in maintaining a f low rate o f  2.6 ml/min, 
a f low rate o f  1.7 ml/min was used (R^ = 1.8, analysis time = 4 min).
Determination o f  r e la t i v e  sample s e n s i t i v i t i e s  and l i n e a r i t y  o f  detector  
response f o r  Cr(DBM)3 and Co(DBM)3
Standard solut ions o f  the complexes were chromatographed (dupl icate  
-8 -4
40 yl in je c t ions ,  10 - 10 M solu t ions )  and graphs o f  log-j0
(concentration) against log-j0 (peak area) and l o g ^  (peak he ight }  p lo t ted .
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The results are given in Table 8.9.
Table 8.9 Relationship between peak heights and areas and concentration 
f o r  Cr(DBM)3 and Co(DBM)3
Concentration
(M)
Cr(DBM)3 Co(DBM)3
peak height 
(AU)
peak area 
(DIU)
peak height 
(AU)
peak area 
(DIU)
IO' 8 0.00015 - 0.00015 -
o
! ftl 0.00085 0.09 0.00075 0.10
IO"6 0.0052 0.88 0.0068 0.96
TO"5 0.060 8.8 0.066 9.6
10"4 0.59 86 0.62 93
Retention times and e f f i c i e n c i e s  were constant f o r  both solutes.
The slopes o f  the ca l ib ra t ion  plots  were unity but a s l i g h t  departure 
from l i n e a r i t y  was noted f o r  the 10~^ M solut ion in each case, and f o r  
< 10~bM solut ions in the case o f  the peak height ca l ib ra t ion  p lo ts .
i
The peak-to-peak noise at maximum s e n s i t i v i t y  was 0.000075 AU
o
and the r e la t i v e  sample s e n s i t i v i t y  (s igna l :no ise  r a t io  = 2) was 10 M
- 1 1  - 1 1
f o r  both so lutes ,  corresponding to  2.1 x 10 g Cr and 2.4 x 10 g Co
detected.
Separation o f  mixtures o f  Cr(DBM)3 and Co(DBM)3 o f  varying compos i tion
Mixtures o f  the complexes in the proportions 1:10, 1:100 and 1:1000 
were chromatographed (dupl icate  40 yl in j e c t i o n s ) .  Peak heights and 
areas are given in Table 8.10.
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Table 8.10 Peak heights and areas f o r  mixtures o f  Cr(DBM)3 and Co(DBM)3 
o f  a range o f  compositions
Mixture o f  
complexes
peak height. 
(AU)
peak area 
(DIU)
Mixture peak height 
(AU)
peak area 
(DIU)
10"7MCr
10“ 7MCo
0.0008
0.0007
0.09
0.10
10~®MCr 0.0064 0.90 10"7MCr 0.0008 0.08
10"7MCo 0.0007 0.12 10"6MCo 0.0067 0.96
10"5MCr 0.064 8.8 10"7MCr 0.0008 0.08
10" 7ICo 0.0013 - 10"5MCo 0.066 9.6
10"4MCr 0.61 88 10” 7MCr 0.0008 -
O
1
F o - - 10"4MCo 0.63 93
HPLC o f  Cr(BA)3 and Co(BA)3
Solutions o f  the complexes were chromatographed using 0.1%, 0.5%
and 1.0% isopropanol in dichloromethane as the eluent (40 y l in je c t ion s ;
-5
10 M solut ions;  FR = 1.6 ml/min). The results are presented in
Table 8.11. Chromatograms obtained using 0.5% isopropanol in d ich loro ­
methane are shown in Figure 8.5.
Solutions o f  the crude complexes, prec ip i ta ted  from aqueous ethanol
and not r e c r y s ta l l i s e d ,  were chromatographed using 0.5% isopropanol in
r
dichloromethane as eluent (duplicate  40 yl in je c t ions ;  10 M so lu t ions ) .  
The ra t io  o f  the peak areas f o r  each sample expressed as a percentage 
was compared with the data f o r  the r ec rys ta l l i s ed  mater ia l .  The results  
are given in Table 8.12.
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Figure 8.5 Typical chromatograms f o r  HBA and HAA complexes o f  
Cr and Co( 111) (FR = 1.6 ml/min; 0.16 AUFS)
Cr(BA)3 (40 y l , 10  ^ M) 
Eluent = 0.5% isopropanol
0
Co(BA)3 (40 y l 5 10  ^ M)
Eluent = 0.5% isopropanol
in dichloromethane
6
min
Cr(AA)3 and Co(AA)3
(40 p i , 2.5 x 10 '5J4 in 
Cr (AA ) , ,  2.5 x 10"5 M in 
Co(AA)3 solut ion)
Eluent = 1% isopropanol 
in dichloromethane
Cr(AA)
solvent
6
-Co(AA).
rni n
min
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Table 8.11 HPLC data for Cr(BA)3 and Co(BA)3
eluent 
(% isopropanol 
in d ich loro­
methane)
. solvent 
ZR
(min)
t  Cr^  ZR
(min)
t  Cr<2) VR
(min)
t  C o ( l ) 
ZR 
(min)
t  Co(2) 
(min)
0.1 2.0 6.05 not eluted 7.75 not eluted
0.5 2.0 2.25 4.70 2.40 5.45
1.0 2.0 2.0 2.45 2.00 2.25
Table 8.12 Peak area ra t ios  f o r  r e c rys ta l l i s ed  and crude Cr(BA)3 and Co(BA)3
Cr(BA)3 
% 1st  peak % 2nd peak
Co(BA)3 
% 1s t  peak % 2nd peak
rec rys ta l l i s ed
crude
76 24 
71 29
76 24 
76 24
HPLC o f  Cr(AA)3 and Co(AA)3
The separation o f  the complexes was demonstrated using 1.0%
isopropanol in dichloromethane as the eluent (40 yl in je c t io n ,  2.5 x 10 M
-5
in Cr(AA)3 , 2.5 x 10 jvj in Co(AA)3 so lu t ion ) .  A chromatogram is 
shown in Figure 8.5.
E f fe c t  o f  the addition o f  l igand to the eluent on the HPLC o f  some 
HBA and HDBM complexes
Cu(DBM)2 and Fe(DBM)3 were chromatographed using 60% dichloromethane
in TMP (50% water saturated) containing HDBM at l e ve ls  o f  1 x TO"5 -
-5
4 x 10 M. A marginal decrease in peak widths with increase in HDBM 
concentration was noted. Chromatographic behaviour o f  Cr(DBM)3 and 
Co(DBM)3 was unaltered.
Cu(BA)2 was chromatographed using 0.5% isopropanol in d ichloro-
-5
methane containing HBA at a leve l  o f  4 x 10 M. Again a s l i g h t  decrease 
in peak width, as compared with the chromatogram obtained in the absence 
o f  HBA in the e luent,  was observed.
8.4.3 HPLC o f  some HDBM complexes using a range o f  columns
The columns used in th is  study were kindly loaned by Waters 
Associates L td . ,  together  with a Waters 6000A mobile phase d e l ive ry  
system, U6K universal in j e c to r  and 440 UV absorbance detector .
Solutions o f  complexes'and HDBM were chromatographed (20 yl syringe 
-5
in je c t ions ,  approx. 10 M solu t ions,  254 nm, 0.1 AUFS) and the results  
are summarised in Table 8.13.
Further HPLC using a yBondapak ± 1 8 -  column
A l iqu id  chromatograph comprised o f  a Waters 6000A mobile phase 
de l i v e r y  system, the Chromatronix loop in jec t ion  system, a Cecil  CE 212 
var iab le  wavelength u l t r a v i o l e t  monitor and a W + W 1100 recorder was 
used. Saturated solut ions o f  the HDBM complexes (except Zn(DBM)2) and 
approx. 10 M solut ions o f  Zn(DBM)2 and HDBM were chromatographed using 
methanol as eluent (40 yl in j e c t io n s ,  FR = 2 ml/min, 308 nm). The 
resu lts  are summarised in Table 8.14.
Column Eluent Result
yBondapakCN 
(10 ym, 300 mm, 
4 mm I . D . )
hexane/chloroform/ 
isopropanol mixtures
Ni ( DBM)2#|ACu( DBM)p, 
HDBM; B , ‘ A, U or R
yBondapakNHn 
(10 ym, 300 mm, 
4 mm I .D . )
hexane/isopropanol 
and hexane/chloro­
form/isopropanol 
mixtures
Ni(DBM)2. 2H20,Cu(DBM)2S 
HDBM; B, A, U or R
yBondapakC]g 
(10 ym, 30u mm, 
4 mm I .D . )
a) THF
b) 30% methanol 
in THF
a) Fe(DBM)3 , Cu(DBM)2 ; 
U. Zn( DBM) p , HDBM; 
B, A, R.
b) Fe(DBM)3 , Cu(DBM)2 , 
Zn(DBM)?, HDBM;
B, A, R".
yStyragel
(pore s ize  100 a
300 mm, 7 mm I .D . )
THF Part ia l  separation o f  
Fe(DBM)3 , Cu(DBM}2 and 
HDBM obtaineo using 
two columns in ser ies  
and recyc le  f a c i l i t y .  
Zn(DBM)2 , HDBM; B, A
B, A = broad asymmetric peak
U = unretained peak
R = s l i g h t  retention
Table 8.14 HPLC data f o r  HDBM and some complexes using a 
yBondapakC-jg column
Sample
t R
peak height
(min) (AU)
methanol 1.9 0.00025
HDBM 2.8 (B, A) 0.005
Zn, Ni,  Mg, Fe, C o ( I I )  
complexes
2.8 (B, A) Zn 0.01, others 
< 0.0015
A l , Cu complexes not detected at max. 
s e n s i t i v i t y
-
Cr, C o ( I I I )  complexes |*2.1 (sharp, symmetric) 0.0075* 0.018
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The p o s s ib i l i t y  o f  ex tract ion  o f  Cr and C o ( I I I )  from aqueous
solutions as the HDBM complexes, and subsequent detect ion by HPLC
was demonstratedo Aqueous solut ions o f  CoCl2O6H20 and Cr Cl3O6H20
-8  -2
o f  a range o f  concentrations (10 -  10 M) were preparedQ A small
quantity o f  hydrogen peroxide was added to the Co solut ions and the pH
adjusted to 8 with NaOH solut ion (2 M)0 Cr solut ions were buffered
with sodium ace ta te0 Excess o f  HDBM in alcohol was added to al iquots
o f  the solut ions (100 ml) and the reaction mixtures re f luxed,  with
s t i r r in g ,  f o r  two hours0 On coo l ing ,  the reaction mixtures were
extracted with 50% dichloromethane in TMP (10 or 100 ml) and aliquots
chromatographed on a Parti  si 1 10 column using the optimised conditions
described in Section 804020 HDBM was eluted as a broad, asymmetric 
Cr Co
peak a f t e r  t^  and t^ „ The percentage recover ies  o f  the metals were 
estimated by comparison o f  the peak heights and areas o f  the extracts  and 
standard curves0
Peaks with the same, t^  values as standard solutions o f  the 
complexes were obtained at a l l  concentration l e v e ls  f o r  both metals, 
but recovery was not q u a n t i ta t i v e0 Typical recover ies  were 65% f o r  Cr 
and 83% f o r  CoD Similar  results  were obtained f o r  solutions containing 
both Cr and C o ( I I I )  when treated as described f o r  Co( I I I )0
804°4 Extraction of Cr and Co from aqueous solution
CHAPTER 9
HPLC STUDIES OF SOME METAL COMPLEXES OF THIODIBENZOYLMETHANE
9*1 PREPARATION OF THIODIBENZOYLMETHANE AND SOME OF ITS COMPLEXES
Preparation o f  thiodibenzoylmethane
Thiodibenzoylmethane (3-mercapto-l ,3-diphenylprop-2-en-l-one;
184
HTDBM) was prepared by the method o f  Chaston e t  al_. as f o l l o w s : -
Dibenzoylmethane (2.5 g) in absolute alcohol (100 ml) was cooled
to -10° C with so l id  carbon dioxide/acetone. Dry hydrogen sulphide
was passed into  the solut ion f o r  30 min fo l lowed by dry hydrogen
chlor ide  f o r  5 min. The solut ion did not become deep red during
184
the passage o f  hydrogen chloride as d e s c r i b e d b u t  on standing at  
room temperature overnight the solut ion turned dark orange. The 
solut ion was poured into  ice  water (250 ml) and the mixture al lowed 
to  stand in an ice  bath f o r  30 min. The product was f i l t e r e d  o f f ,  
washed wi th water and r e c r y s ta l l i s ed  from 40-60° C petroleum ether.
A mixture o f  dark red and ye l low  crysta ls  was obtained, and TLC 
indicated that the mixture contained unreacted HDBM. 1 The HTDBM was 
iso la ted  by f i r s t  enriching the mixture in HTDBM by d isso lv ing  in a 
minimum o f  petroleum ether and c o o l in g 3 the so l id  c r y s ta l l i s in g  out 
being predominantly HDBM. The supernatant l iqu id  was then decanted o f f  
and an equal volume o f  acetone or ether added to i t .  The solution
-157-
was allowed to  evaporate overnight and la rge ,  red crysta ls  were 
produced and were dried under vacuum.
Since the y i e ld  obtained by th is method was low (20%) attempts
were made to  increase the y i e l d .  The y i e ld  was not improved by the
202
use o f  super-dry ethanol (prepared by the method o f  Vogel ) ,  baked 
apparatus and preliminary purging o f  the apparatus with nitrogen, or 
by the addition o f  chloroform to the reaction mixture in an attempt 
to  increase the s o lu b i l i t y  o f  HDBM at the low temperature involved.
203
A base catalysed react ion by the general method o f  Mayer e t  aj_. was 
unsuccessful. I t  was, however, found that the y i e l d  could be increased 
somewhat by passing hydrogen sulphide and hydrogen chloride through the 
HDBM solut ion as prev iously  described but at a lower temperature (-30°  C).  
This was repeated several t imes, al lowing the solut ion to reach room 
temperature and stand overnight between each passage o f  the gases.
Melting point and carbon and hydrogen analysis data are given in 
Table 9.1.
Preparation o f  complexes
18#
Preparation o f  bis(thiodibenzoylmethanat.o)Ni ( I I ) ,  NifTDBM)2
Nickel ( I I )  acetate (0.06 g)  in hot alcohol (6 ml) was added to 
a hot solut ion o f  HTDBM (0.1 g) in alcohol (1.2. ml) .  The brown complex 
p rec ip i ta ted  immediately, and on cool ing was f i l t e r e d  o f f ,  washed with 
a lcoho l ,  r e c r y s ta l l i s ed  from acetone/40-60° C petroleum ether and dried 
under vacuum at 60° C.
Co(TDBM)3 , Cu(TDBM)2 , Pb(TDBM)2 and Fe(TDBM)3were prepared by th is  
method. In the preparation o f  Pb(TDBM)2 , the lead s a l t  was d isso lved
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in 1:1 a lcohol :water ,  and in the preparation o f  Fe(TDBM)3 , a solut ion 
o f  anhydrous iron ( I I I )  ch lor ide  in alcohol was used.
J. 8 6
Preparation o f  b is ( th iod ibenzoy lmethanato )Hg ( l I ) , Hg(TDBM)2
Mercury ( I I )  acetate (0.07 g) in alcohol (10 ml) and g la c ia l  
a ce t ic  acid (1 ml) was added to a solut ion o f  HTDBM (0.1 g) in alcohol 
(25 ml) .  The pale ye l low  p rec ip i ta te  was r e c r y s ta l l i s ed  from acetone 
and dried under vacuum at  60° C.
Further de ta i l s  o f  preparations,  melting points and analyt ica l  
data are given in Table 9.1.
Solutions o f  complexes o f  HTDBM with Cd, Zn, Ag and Bi were 
prepared f o r  TLC analysis  by extract ion  o f  an excess o f  the appropriate 
metal ion solution at pH 9 with a solution o f  HTDBM in dichloromethane 
( IO -4  M).
9.2 UV SPECTRA ^
The complexes were genera l ly  spar ingly soluble in water and alcohols 
and soluble in solvents o f  intermediate p o la r i t y  such as chloroform and 
acetone. Ni(TDBM)2 , Co(TDBM)3 , Cu(TDBM)2 and Pb(TDBM)2 were also quite
soluble in saturated hydrocarbon solvents .
AR chloroform was used as the solvent  and UV data f o r  the complexes
obtained as described in Section 8.2.  The UV spectra o f  HTDBM in
chloroform and TMP were also obtained. The results  are given in Table 9.2,  
and examples o f  spectra are shown in Figure 9.1.
Stock solutions o f  Ni (TDBM)2 , Co(TDBM)3 in dichloromethane and 
HTDBM in TMP were kept in the dark and the UV spectra checked at in te rva ls  
over several weeks. No change in UV spectra was noted.
-160-
Table 9.2 UV data f o r  HTDBM and some metal complexes ( in  chloroform)
Compound Amax
(nm)
( L i t .
value) 10“4 x 
2 x 10“ 5M
1
£max at given conc*
5 x 10~5M
-4
10 x mean eirax
max value)
HTDBM 331 (330)189 1.30 1.32 ; 1.31 o . z T f l
414 (413)187 1.77 1.77 - 1.77 a.ii/
HTDBM 325 (325)18] 1.10 1.10 - 1.10 0 . id )8'
( in  TMP) 408 (408/87 1.44 1.45 - 1.45 o . 4 E ? r
1 x 10~5M 2 x 10“ 5M 3 x 10"5M
Mi(TDBM)2 270 - 3.79 3.81 3.83 3.81 -
306 - 4.78 4.77 4.77 4.77
325 (325Y 7 4.83 4.82 4.82 4.82 (4 Jo8)7
430 (430) 1 .20. . 1.20........ 1.20 1.20 ( 1 .2d)0}
Cu(TDBM)2 296 - 3.13 3.22 3.10 3.15 -
343 - 2.84 2.83 2.88 2,85
410 ( 4 i o P 2.48 2.45 2.47 . 2.47
20.#
(2.49)
Hg(TDBM)2 274 (270)18! 3.08 3.09 3.07 3.08 (2.ed)8]
348 (345/87 2.77 2.71 2.74 2.74 ( 2 .ydf
Pb(TDBM)2 275 “ 3.00 3.04 3.02 3.02 -
294 - 3.00 3.00 3.00 3.00 -
411 - 2.17 2.18 2.19 2.17 -
Fe(TDBM)3 323 - 4.18 4.18 4.18 4.18 -
0.5 x 10“ 5M 1.0 x 10~5M 1.5 x 10"5M
Co(TDBM)3 308 - 8.38 8.36 8.34 8.36
L i t .  = L iterature  value
-'I -1
emav values in 1 mole cm
HlaX
TMP = trimethylpentane
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9.3 THIN LAYER CHROMATOGRAPHY
Plastic-backed s i l i c a  plates (E. Merck, P la s t i ck fo l i en ;  TOO ym 
s i l i c a  gel GF254) were used. Samples were detected e i th e r  by means 
o f  th e i r  charac te r is t ic  colours or by v isua l isa t ion  under UV l i g h t  
(254 nm). Sample loadings were t y p i c a l l y  a few yg (from d ich loro­
methane). Solvent compositions quoted are v/v.
The complexes and HTDBM were chromatographed using 50% d ich loro­
methane in TMP as the developing solvent.  Dichioromethane/TMP/iso­
propanol mixtures, 50% THF in TMP, and dichloromethane were also used. 
The results  are presented in Table 9.3.
Ni(TDBM)2 and Cu (TDBM)2 were further invest igated  using a range 
o f  binary and ternary so lvents .  The use o f  benzene, cyclohexane and 
pentane mixtures with dichloromethane did not improve the separation. 
With dichioromethane/TMP mixtures containing < 10% a c e t o n i t r i l e ,  methano 
THF, ethyl acetate or d iisopropyl ether resolution was l o s t ,  and in the 
cases o f  methanol, d i isopropyl ether and ethyl acetate the spots became 
more d i f fu se .  Separation was not improved with chloroform/TMP or 
dichloroethane/TMP mixtures as developing solvents .
9.4 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
Except where stated otherwise, a l iqu id  chromatograph comprised 
o f  a Waters 6000A mobile phase d e l i ve ry  system, a Reeve'Angel in je c t ion  
port model LIB or a Chromatronix loop in j e c to r ,  a Cecil  CE 212 
var iable  wavelength u l t r a v i o l e t  monitor and a W + W 1100 recorder was 
used, together  with a P a r t i s i l  10 column. A 100 yl Hamilton gas - t igh t
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syringe was genera l ly  used f o r  syringe in jec t ions .Detec tor  s e n s i t i v i t y  
is  quoted as absorbance units f o r  fu l l  scale d e f l e c t io n ,  AUFS. Peak 
heights are quoted in absorbance units , AU, and peak areas in disc 
in tegra tor  units , DIU. The parameters, t^ ,  N and Rs are defined in 
Chapter 4. Solvents were pu r i f i ed ,  dried and degassed as described 
in Chapter 8. A l l  so lvent compositions quoted are v/v. Eluents 
used in Sections 9.4 and 9.5 contained 0.1% isopropanol.
In a prel iminary inves t iga t ion  using 20% dichloromethane in TMP 
as e luent,  Ni(TDBM)2 and Co(TDBM)3 gave sharp symmetrical peaks but 
Cu(TDBM)2s Hg(TDBM)2 and Fe(TDBM)3 gave broad asymmetric peaks s im i lar  
to  the l igand in shape and retent ion .  The eluent from a number o f  
in jec t ions  o f  each complex was co l l e c ted ,  concentrated and UV spectra 
obtained. Spectra corresponding to  the pure chelates were obtained 
f o r  Ni(TDBM)2 and Co(TDBM)3 , and spectra corresponding to the l igand 
f o r  Cu(TDBM)2 , Hg(TDBM)2 and Fe(TDBM)3 .
9-4-1 HPLC o f  Ni(TDBM)q and Co(TDBM)3
Using dichioromethane/TMP mixtures and a range o f  f low ra tes ,
Ni(TDBM)2 and Co(TDBM)3 (40 yl loop in je c t ions ;  10"^M in Ni(TDBM)2 ,
-5
10 M in Co(TDBM)o so lut ion )  were chromatographed.The wavelength f o r  
maximum s e n s i t i v i t y  was se lected by comparison o f  response over the 
range 305-310 nm. The maximum response f o r  both complexes was 
obtained at 308 nm and further  work was carried out at 308 nm.
Deta ils  o f  the optimal chromatogram obtained f o r  each eluent are 
given in Table 9.4 and chromatograms are shown in Figure 9.2. 30% and
20% dichloromethane in TMP were used as eluents f o r  further  work and 
a f low rate o f  3 ml/min was employed.
/
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Figure 9.2
In jec t ion
In jec t ion
Injection
Comparison o f  chromatograms obtained using d i f f e r e n t  
eluents (containing 0. 1% isopropanol) .  - 
(40 yl in je c t io n s ;  10-5 M in Mi(TDBM)9 , 10" in Co(TDBM)~ 
solution in TMP; 0.5 AUFS) L 6
FR = 1 ml/min
Eluent = 40% dichloromethane in TMP
■Co(TDBM).
v
\J
FR = 3.0 ml/min
Eluent = 30% dichloromethane in TMP
V,
FR «  3.0 ml/min
Eluent = 20% dichloromethane in TMP
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Table 9.4 HPLC separations of Ni(TDBM)2 and Co(TDBM)3
Eluent 
(+ 0. 1% i s o ­
propanol)
FR 
(ml/min)
. solvent  
R(min)
t NiW
(min)
3. Co 
R
(min)
NNl NCo RS Analysistime
(min)
40% d ich loro­
methane in TMP
1.0 3.07 3.50 3.78 4130 3660 1.29 4.1
30% d ich loro ­
methane in TMP
3.0 1.03 1.33 1.60 2350 1820 2.05 1.8
20% d ich loro­
methane in TMP
3.0 1.03 1.45 2.00 2470 1900 3.67 2.2
FR = f low rate
Determination o f  r e l a t i v e  sample s e n s i t i v i t i e s  and l in e a r i t y  o f  detector  
response f o r  Ni(TDBM)n and Co(TDBMU
Standard solutions o f  the complexes were chromatographed (duplicate
-8 -4
40 yl loop in je c t io n s ,  10 - 10 M solut ions)  using both eluents
described above, and graphs o f  log-jQ (concentration) against 1 og-jq (peak 
area) and log-jQ (peak he ight)  p lo t ted .  The results  are given in 
Table 9.5.
Retention times and e f f i c i e n c i e s  were constant f o r  both solutes.
The slopes o f  the ca l ib ra t ion  p lo ts  were unity but a s l i g h t  departure
from l i n e a r i t y  was noted f o r  the 10“ 4M solut ion in each case, and f o r  
-7<10 Pi solut ions in the case o f  the peak height ca l ib ra t ion  p lo ts .
The peak-to-peak noise at maximum s e n s i t i v i t y  was 0.0001 AU and the
_ o
r e l a t i v e  sample s e n s i t i v i t y  (s igna l :no ise  r a t io  = 2) was 10 M f o r
- l l  -11
both so lutes ,  corresponding to 2.4 x 10 g Ni and 2.4 x 10 g Co
detected.
Table 9 .5 Relationship between peak heights and areas and 
concentration f o r  Ni(TDBM)2 and Co(TDBM)3
30% dichloromethane in TMP (containing 0.1% isopropanol)
N1(TDBM)2 Co(TDBM)3
concentration
(M) peak height 
(AU)
peak area 
(DIU)
peak height 
( AU)
peak area 
(DIU)
TO"8 0.0002 - 0.0002 -
10~7 o.oon 0.06 0.0013 0.09
KOio
0.0110 0.60 0.0130 0.90
-5 10 J 0.110 6.0 0.130 9.0
1
fa"io
0.90 52 1.07 87
20% dichloromethane in TMP (containing 0.1% isopropanol)
C
Dto
0.0002 - 0.0002 -
o
I
0.0009 0.05 0.0008 0.08
10"6 0o0085 . 0.55 0.0080 0.80
10'5 0o083 5,5 0.080 8.0
I
■ft
t.
...
...
.
0.71 51 0.62 67
Separation o f  mixtures o f  Ni(TDBM)oand Co(TDBM)3 o f  varying composition
Mixtures o f  the complexes in the proportions 1:10, 1:100 and 
1:1000 were chromatographed (dupl icate  40 yl loop in j e c t i o n s ) .  Peak 
heights and areas are given in Table 9.6,
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Table 9.6 Peak heights and areas f o r  mixtures o f  Ni(TDBM)2 and 
Co(TDBM)3 o f  a range o f  compositions
30% dichloromethane in TMP (containing 0.1% isopropanol)
mixture o f peak heights peak areas mixture o f peak heights peak areas
complexes (AU) (DIU) complexes , . ( AU) (DIU)
K f 7M Ni 0.0011 0o06 IC fS l  Ni 0.0110 0.60
10"6M Co 0.0130 0o90 10" 7M Co 0.0013 0.09
10"7M Ni 0.0012 0.06 10'5M Ni 0.110 6 o0
10"5M Co 0.130 9.0 10‘ 7M Co 0.0013 0.95
10'7M Ni 0.0014 0o08 10'4M Ni 0.90 52
10'4M Co 1.07 87 10"7M Co - -
20% dichloromethane in TMP (containing 0. 1% isopropanol)
10“ 7H Ni 0.0009 0.05 10'6M Ni 0.0085 0.55
10~6M Co 0.0090 0.85 10'7M Co 0.0009 0.08
10 '7M Ni 0.0009 0.05 10_5M Ni 0.085 5.5
10'5M Co 0.085 8.5 10" 7M Co 0.0012 0.11
10"7M Ni 0.0010 0.06 10"4M Ni 0.71 51
10"4M Co 0.62 66 10 '7M Co 0.0035
"E f f e c t  o f  sariiple volume' oh e f f i c i e n c y
Solutions o f  each complex o f  a range o f  concentrations ( IC f8 - !C f3M) 
were prepared. Using the Reeve Angel in jec t ion  port ,  1 - 100 yl volumes 
o f  the solut ions (se lec ted  to  g ive  constant sample weight)  were in jec ted  
using both 30% and 20% dichloromethane in TMP as e luents. Values o f  N
-169-
were calculated f o r  each peak. There was no decrease in e f f i c i e n c y  
with increase in sample volume f o r  e i th e r  solute.  Also,no increase 
in e f f i c i e n c y  f o r  20 and 40 y l  in jec t ions  as compared with loop 
in jec t ions  was observed.
Relationship between e f f i c i e n c y  and hydrocarbon consti tuent o f  the eluent
Ni(TDBM)2 and Co(TDBM)3 were chromatographed (40 y l loop in je c t io n s ;  
10~3M in Ni(TDBM)2 , 10~^M in Co(TDBM)3 so lut ion;  FR = 3 ml/min) using 
30% dichloromethane in hexane and the results  compared with those obtained 
with the corresponding eluent containing TMP as the hydrocarbon const i tuent.  
The results  are given in Table 907.
Table 9.7
Hydrocarbon Ni
t R
(min)
+ Co 
R
(min)
NNi NCo pk.h t .Nl
(AU)
Ni
pk.area
(DIU)
pk .ht .Co
(AU)
pk.area 0^
(DIU)
TMP 1.33 1.60 2500 1600 0.110 6.0 0.130 9.0
hexane 1.20 1.40 3200 2300 0.110 5.5 0.130 8.5
9.4.2 HPLC o f  HTDBM
A ser ies  o f  in jec t ions  o f  a solut ion o f  HTDBM were made (40 y l 
syringe in je c t io n s ,  2.5 x 10“ 4M so lu t ion ,  FR = 3.0 ml/min) using 20% 
dichloromethane in TMP as e luent.  I t  was noted that the peak shape 
and response changed with successive in je c t ions .  A f t e r  passing eluent 
f o r  some time between in je c t ions  (approx. 30 min),  the i n i t i a l  peak 
shape was again produced.
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Typical chromatograms are shown in Figure 9.3. Typical chromatograms 
obtained using 20%, 30% and 40% dichloromethane in TMP are shown in 
Figure 9.4.
The response to  HTDBM solut ions o f  a range o f  concentrations 
-7 -3
(10 - 10 M) was invest igated  (50 yl syringe in je c t ions )  using 30%
dichloromethane in TMP as e luent.  Examples o f  chromatograms obtained 
are shown in Figure 9.5.
9.5 PRELIMINARY SOLVENT EXTRACTION-HPLC STUDIES
A preliminary study o f  the extract ion o f  Ni and Co with HTDBM
2.2
v/as made using the conditions described by Uhlemann e t  al_ .
-4
Aliquots o f  nickel sulphate solution (10 ml. 10 M) were shaken
with pH 9 buf fer  (10 ml; 7 ml 0.1 M NH^Cl/3 ml 0.1 M ammonia so lut ion)
-3
and HTDBM solut ion in cyclohexane (10 ml, 10 M) f o r  3 min. S im i la r ly ,  
a l iquots  o f  cobalt n i t ra te  solut ion (10 ml, 10~4 M) were extracted 
using 15 ml bu f fer  and the mixture was allowed to  stand f o r  10 min 
a f t e r  shaking.
Samples o f  the organic phases (10 yl syringe in je c t ions )  were 
chromatographed using 20% dichloromethane in TMP as eluent (FR = 3 . 0  
ml/min). The chromatograms obtained were not reproducible, and the 
l igand peak in te r fe red  with quant i ta t ive  determination o f  the complexes.
Extraction with HTDBM solut ions o f  a range o f  concentrations 
(2 x 10"4 - 10~3 M f o r  N i , 3 x 10~4 - 10"3 M f o r  Co) were performed 
and 10 yl samples o f  the organic phase chromatographed using both 
20% and 30% dichloromethane in TMP as eluents. The excess o f  l igand 
did not in te r f e re  in the determination o f  e i th e r  metal using e i the r
-171-
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Figure 9.,5 Typical chromatograms o f  HTDBM at
(Eluent = 30% dichloromethane in TMP;
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concentrations
FR = 3 ml/min)
M
TO"5 M 
50 yl 
0.1 AUFS
nnn
eluent f o r  extract ions using < 4 x IO”4 PI HTDBM solu t ion.  Quantitat ive 
extract ion (> 98%) was obtained using the minimum excess o f  l igand.
- 7  - 5
Nickel sulphate and cobalt n i t ra te  solutions (10 - 10 M)
were extracted with HTDBM solut ion (4 x conc. metal s a l t  so lu t ion ) .
-5
For < 1 0  M so lut ions ,  extract ion  was not quant ita t ive  and the solvent
peak in ter fe red  with Ni determination. Also,  in chromatograms o f  
“5
extracts  o f  < 10 M cobalt  n i t ra te  solut ions,  peaks with the same
retention as Ni(TDBM)2 were obtained, and f o r  the ex trac t  o f  10"^ M 
nickel n i t ra te  a high value f o r  the recovery o f  N i (112%) was found.
In an attempt to  minimise in ter ference  from the reagent blank,
a l te rna t ive  procedures f o r  preparation o f  the pH 9 bu f fer  and an
a l te rna t ive  extract ing  solvent were considered. The buf fer  solut ion
was pre-extracted with an equal volume o f  HTDBM solut ion in TMP
(10~4 M) ( 1 ) .  The bu f fe r  was also prepared using AR hydrochloric
acid and 0.88 ammonia (7 ml 0.1 M HC1/3 ml 0.33 M ammonia so lut ion)
(2 ) .  Al iquots o f  each bu f fe r  solut ion (10 ml) were shaken with
HTDBM solut ion in TMP (.10 ml, 10“4 M) f o r  10 min. The aqueous phase
was removed and the organic phase shaken with NaOH solut ion (10 ml,
0.1 M) f o r  15 sec. The organic phase (100 y l )  was then chromatographed
using 30% dichloromethane in TMP as eluent (50 y l  in j e c t i o n s ) .  A low
reagent blank was obtained in both cases (peak height = 0.0005 AU,
t^ as Ni(TDBM)2 ) .  A higher reagent blank (peak height = 0.0050 AU)
-3
was obtained when 10 M HTDBM solut ion was used.
Buffer solut ion prepared as in (2 ) above was used in a l l  further  
work, and TMP was used as the extract ing  solvent.
Dependence o f  % recovery o f  metal on pH
Aliquots o f  nickel sulphate and cobalt n i t ra te  solut ions (5 ml,
10~5 M), bu f fer  solut ion (5 nil, pH 7.0 - 11.5) and HTDBM solution 
(5 ml 9 10 4 M) were placed in g lass ,  p lastic-s toppered tubes and shaken 
on a rotary shaker f o r  10 min. The aqueous phase was removed and the 
organic phase was shaken with NaOH solut ion (5 ml, 0.1 M) f o r  15 sec. 
Aliquots o f  the organic phase were chromatographed using 30% d ich loro ­
methane in TMP as eluent and metal recover ies calculated using a 
ca l ib ra t ion  curve. The extract ion  curves are shown in Figure 9,6.
Dependence o f  % recovery o f  metal on concentration in aqueous solut ion
The % recovery f o r  extract ion  at  pH 9 o f  metal s a l t  solut ions o f
a range o f  concentrations ( 1 0 - 1 0  M) by the standard method described
above was determined. The standard deviation o f  % recovery based on
-6
e igh t  extract ions was determined f o r  10 M metal s a l t  solutions and 
f o r  10“4 M solut ions extracted with 4 x 10”4 M HTDBM solut ion.  The 
results  are given in Table 9.8.
Table 9 .8
-174“
Concentration
(M)
% recovery Ni % recovery Co
peak height 
basis
peak area 
basis
peak height 
basis
peak area 
basis
1
o
1 -ft 100.93 + 3.07 99.46 + 2.73 99.13 + 2.61 100.27 + 2.48
10"5 96.2 95.4 96.9 96.0
5 x 10"6 93.7 93.0 93.1 92.0
TO' 6 91.47 + 3.77 91.22 + 4.03 90.04 + 3.61 90.59 + 3.74
5 x 10-7 90.1 89.7 88.9 88.2
o
I
87.5 86.3 86.9 85.4
% 
re
co
ve
ry
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Figure 9.6 Dependence of % recovery of Ni(o) and Co(o) on pH
pH
At the 10~4 M l e v e l ,  low values were obtained f o r  % recovery Co
i f  the solutions were l e f t  standing f o r  > 30 min before analys is ,  due
to prec ip i ta t ion  o f  Co(TDBM)o. Increase in the extract ion time to 
7
20 min f o r  10 M solut ions did not increase metal recovery.
The e f f e c t  o f  some d iverse ions on Ni and Co determination
A preliminary study o f  the e f f e c t  o f  other metal ions on the
determination o f  Ni and Co was made using 10”  ^ M nickel sulphate and
cobalt n i t ra te  solutions containing a ten- fo ld  excess o f  Cu, Fe, Zn,
Cd, Ag, Hg, Pb and Bi (present as the n i t r a t e s ) .  Ni and Co
recover ies  were determined using the standard procedure. Zn and Cd
produced a 5% increase in recovery o f  N i , and Ni determination was not
N i
possib le in the presence o f  Cu due to  a large peak at  t R ( t a i l i n g ) ;
Co recover ies  were not a f f e c t ed .  There was no inter ference in the 
recovery o f  Ni and Co from solut ions containing a t en - fo ld  excess o f  
the other metals.
9.6 FURTHER HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
The HPLC behaviour o f  Cu(TDBM)2 at th is time was invest igated .  
Solutions o f  a range o f  concentrations were chromatographed (50 yl 
syringe in je c t io n s ,  10"^ - IO"4 M) using 30% dichloromethane in TMP 
(containing 0.1% isopropanol)  as eluent. The results  are summarised 
in Table 9.9.
Solutions o f  Cu(TDBM)2 were chromatographed using 50% water saturated 
solvent as described above. The peak heights at a l l  concentration 
l e v e ls  decreased, peak t a i l i n g  increased and chromatograms were not 
reproducible.
-176- ' s
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Table 9.9 Relationship between peak height and concentration f o r  
Cu(TDBM)2
Concentration Peak height (AU)
(H)
IC f7 0
TO"6 approx. 0.0030 (v .  t a i l i n g ,  not returning 
to baseline)
TO' 5 0.053 ( t a i l i n g )
TO' 4 0.55 ( s l i g h t l y  t a i l i n g )
At th is point column performance deter io ra ted ,  double peaks 
being obtained f o r  each solute.
Using a new Parti  si 1 10 column Ni(TDBM)2 , Cu(TDBM)2 and Co(TDBM)3
-5
(50 yl syringe in j e c t io n s ;  10 M solut ions) were chromatographed 
using 30% dichloromethane in TMP (containing 0.1% isopropanol) as 
eluent and the chromatogram obtained compared with that f o r  the old 
column. The results  are given in Table 9.10.
Table 9.10 Comparison o f  performance f o r  two Parti  si 1 10 columns
. solvent  
R
(min)
t  Ni R
(min)
t Cu 
R
(min)
* Co 
R
(min)
NNi NCu NCo
Column 1 1.03 1.33 1.33 1.60 2350 t a i l i n g 1820
Column 2 1.03 1.31 1.37 1.57 1990 1940 1820
S ign i f i can t  increase in the separation o f  Ni(TDBM)2 and Cu(TDBM)2 
was not obtained by decreasing the dichloromethane content o f  the eluent . 
(constant % isopropanol)  or by the use o f  dichloromethane/pentane mixtures
containing 0. 1% isopropanol.
Ni(TDBM)2 , Cu(TDBM)2 and Co(TDBM)3 (50 yl syringe in je c t io n ;
IC f5 M in Ni(TDBM)2 , 10"5 M in Cu(TDBM)2 , 10' 5 M in Co(TDBM)3 so lut ion )  
were chromatographed on a P a r t i s i l  5 column (Whatman LabSales L td . ,
250 mm, 4.6 mm I .D . ,  6.35 mm O.D.) using dichloromethane/TMP mixtures 
(without isopropanol or water mod i f iers )  as e luents. Deta ils  o f  the 
optimal chromatogram obtained f o r  each eluent are given in Table 9.11 
and a typ ica l  chromatogram is  shown in Figure 9.7.
Re lat ive  sample s e n s i t i v i t i e s  and l in e a r i t y  o f  de tector  response 
were determined as prev iously  described (using 50 yl syringe in j e c t i o n s ) ,  
and the separation o f  mixtures o f  the three complexes o f  varying 
composition was studied using 45% dichloromethane in TMP as eluent (FR =
1.5 ml/min, 50 yl syringe in j e c t i o n s ) .  The results  are given in 
Tables 9.12 and 9.13.
Retention times and e f f i c i e n c i e s  were constant f o r  a l l  so lutes.
The slopes o f  the ca l ib ra t ion  p lots  were unity. The peak-to-peak
noise at maximum s e n s i t i v i t y  was 0.0001 AU and the r e la t i v e  sample
“ 8
s e n s i t i v i t i e s  (s igna lrno ise  r a t i o  = 2) were 10 M f o r  Ni(TDBM)2 and 
Co(TDBM)3 , and 2 x 10~8 M f o r  Cu(TDBM)2 , corresponding to 2.9 x 10~^ g
N i ,  3.0 x 1 0 "^  g Co and 6.4 x 10” ^  g Cu detected.
Ni(TDBM)2 , Cu(TDBM)2 and Co(TDBM)3 (50 yl syringe in j e c t i o n ;
10"5 M in Ni(TDBM)2 , TO-5 M in Cu(TDBM)2 , 10' 5 M in Co(TDBM)3 so lut ion )  
were chromatographed on the new P a r t i s i l  10 column using 45% d ich loro ­
methane in TMP as e luent.  Deta ils  o f  the optimal chromatogram are
given in Table 9.14 and a chromatogram is  shown in Figure 9.7.
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Figure 9.1 Comparison o f  chromatograms obtained using P a r t i s i l  5 
and P a r t i s i l  10 Columns
In jec t ion
-5
Eluent = 45% dichloromethane in IMP; 50 yl in j e c t i o n ;  10 M in 
Ni (TDBM)o, 10-5 m in Cu(TDBM)«, 10~5 M ir. Co(TDBM) so lu t ion ;  0.5 AUFS; 
FR = 1.5 ml/min
P a r t i s i l  10
In jec t ion
Eluent = 45% dichloromethane in TMP; 50 yl in j e c t i o n ;  10~3 M in 
Ni(TDBM)g> 10"5 M in Cu(TDBM)2 , IO' 5 M in Co(TDBM)3 so lut ion;  0.5 AUFS; 
FR = 3.0 ml/min
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Table 9.13 Peak heights and areas f o r  mixtures o f  Ni(TDBM)OJ 
Cu(TDBM)2 and Co(TDBM)3 o f  a range o f  compositions 
( P a r t i s i l  5 column)
Mixture o f  
complexes
peak height 
(AU)
peak area 
(DIU)
Mixture o f  
complexes
peak height 
(AU)
peak area 
(DIU)
TO"7 M Mi 0.0021 - 10-4 M Ni 1.80
IO' 4 M Cu 1.00 - IO"7 M Cu - 1
TO' 7 M Co 0.0026 - 10"4 M Co 2.38 195
IO-7 M Ni 0.0019 - TO"5 M Ni 0.183 -
IO"5 M Cu 0.095 - IO"7 M Cu 0.0011 •*
IO"7 M Co 0.0024 - IO"5 M Co 0.245 20.3
10"7 M Ni 0.0018 0.12 10“6 M Ni 0.0180 -
IO' 6 M Cu 0.0090 - IO"7 M Cu 0.0009 -
IO"7 M Co 0.0025 0.19 TO"6 M Co 0.0248 2.10
Table 9.14 HPLC separation o f  Ni(TDBM)? , Cu(TDBM),, and Co(TDBM)- 
( P a r t i s i l  10 column)
FR
(ml/min)
, solvent  
R
(min)
. Ni
h
(min)
. Cu 
*R
. Co 
*R
n Ni/Cu 
RS
Ni
N NCu NCo analysis
time
(min)
3.0 0.97 1.62 1.83 2.63 2.0 4270 3950 2360 2.9
Relat ive  sample s e n s i t i v i t i e s  and l in e a r i t y  o f  detector  response 
were determined (50 yl i n j e c t i o n s ) ,  and separation o f  mixtures o f  the 
three complexes o f  varying composition was studied. The results  are 
given in Tables 9.15 and 9.16.
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Table 9.15 Relationship between peak heights and areas and concentration 
f o r  Ni(TDBM)2 , Cu(TDBM)2 and Co(TDBM)3 ( P a r t i s i l  10 column)
Ni(TDBM)2 Cu(TDBM)2 Co(TDBM)3
Concen­
tra t ion
CH)
peak height 
(AU)
peak area 
(DIU)
peak height 
(AU)
peak area 
(DIU)
peak height 
(AU)
peak area 
(DIU)
2 x TO"8 
5 x 10“ 8 
TO-7 
IC f5 
TO' 5 
10 '4
0.0002
NC
0.0011
0.0110
0.108
1.10
NC
0.09
0.88
8.8
88
0.0002
0.0003
0.0040
0.045
0.50
0.03
0.33
3.3
33
0.0002
MC
0.0010
0.0095
0.096
1.00
NC
0.15
1.45
14.5
141
NC = not chromatographed
Table 9.16 Peak heights and areas f o r  mixtures o f  Ni(TDBM)0 , Cu(TDBM)0 
and Co(TDBM)3 o f  a range o f  compositions
Mixture o f  
complexes
peak height 
(AU)
peak area 
(DIU)
Mixture o f  
complexes
peak height 
(AU)
peak area 
(DIU)
10"7 M Ni 0.0016 10"4 M Ni 1.10
IC f4 M Cu 0.50 - 10"7 M Cu - ,
TO-7 M Co 0.0011 - TO"4 M Co 1.00 140
10"7 M Ni 0.0013 1 ( f 5 M Ni 0.108
K f 5 M Cu 0.044 TO-7 M Cu 0.0009
10"7 M Co 0.0010 - 10"5 M Co 0.098 14.4
K f 7 M Ni 0.0011 0.10 10'6 M Ni 0.0109 -
TO"6 M Cu 0.0040 - 10"7 M Cu 0.0004
l ( f 7 M Co 0.0010 0.15 10'6 M Co 0.0096 1.45
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The slopes o f  the ca l ib ra t ion  p lots  were unity. The peak-to-peak
noise at maximum s e n s i t i v i t y  was 0.0001 AU and the r e l a t i v e  sample
-8
s e n s i t i v i t i e s  ( s ign a l :no ise  r a t i o  = 2) were 2 x 10 f o r  Ni(TDBM)2 
and Co(TDBM)3 amd 5 x 10~8 M f o r  Cu(TDBM)2 , corresponding to 5.9 x 
10”11 g Ni 9 5.9 x 10“ ^  g Co, and 15.9 x 10“ ^  g Cu detected.
HPLC o f  HTDBM complexes using a yBondapak C ^  column
Saturated solut ions o f  the complexes and a solut ion o f  HTDBM
r
(approx. 5 x 10" M) in methanol were chromatographed using methanol 
as eluent.  (40 yl loop in j e c t i o n s ,  FR = 2 ml/min). The results  are 
summarised in Table 9.17.
Table 9.17 HPLC data f o r  HTDBM and some complexes using a yBondapak 
C-jg column
Retention times and e ff ic ienc ies  were constant fo r a l l  solvents.
Sample *R
(min)
peak height 
(AU)
methanol 1.4 0.00025
HTDBM 2.8 (T) 0.0075
Ni(TDBM)2 3.4 0.05
Co(TDBM)3 0
Cu(TDBM)2 2.8 (T) 0.05
Pb(TDBM)2 2.8 (T) 0.005
Fe(TDBM)3 1.7, 2.8 (T ) 0.04, 0.025 .
Hg(TDBM)2 1.8 0.05 i
T = t a i l i n g
-184-
9.7 FURTHER SOLVENT EXTRACTION-HPLC STUDIES
Aqueous solut ions o f  nickel and cobalt sa l ts  (10 M) were 
extracted by the standard method previously described. The organic 
phases were shaken with a l i t t l e  anhydrous sodium sulphate immediately 
p r io r  to analysis by HPLC ( P a r t i s i l  5 column, 45% dichloromethane in 
TMP eluent,  FR = 1.5 ml/min). The results  were not reproducible 
but t y p i c a l l y  50 - 70% recovery o f  the metals was found, and a f t e r  
standing f o r  a few minutes even lower recover ies  were obtained.
The % recovery o f  copper from aqueous copper n i t ra t e  solut ion 
(10 M) by extract ion with HTDBM solut ion (10 M) using the standard 
method previously described and HPLC analysis o f  the organic phase 
using the conditions de ta i l ed  above, was found to be 75% on comparison 
o f  the peak area with the standard curve. Reagent blanks gave a 
non-reproducible peak with and height o f  approx. 0.01 AU.
HTDBM solut ion in TMP (50 ml, 10~4 M) was shaken with NaOH 
solut ion (50 ml, 0.1 M ) . fo r  15. sec. and the aqueous phase was then shaken 
with TMP (50 ml) f o r  15 sec. The organic phases from both extract ions 
were chromatographed and gave peaks with t RCu and height approx. 0.01 AU. 
The UV spectra o f  the two organic phases and the aqueous phase were 
compared (Figure 9 .8 ) .  HTDBM solut ion (10 ml, 10’ 4 M) was shaken with 
KOH solut ion (10 ml, 0.1 M) and the organic phase chromatographed.
A s im i lar  peak to  that obtained in the case o f  NaOH-extracted HTDBM 
solut ion was observed.
Longer extract ion  (2 min) and repeated extract ion with NaOH 
solut ion did not reduce the height o f  the peak produced by the reagent 
blank or improve r ep roduc ib i l i t y .
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A solut ion o f  nickel and cobalt  sa l ts  (100 ml, 10“9 M), pre­
extracted pH 9 bu f fer  solut ion (10 ml) and HTDBM solut ion (10 ml,
10"4 M) were shaken f o r  10 min. The organic phase was re-extracted  
with NaOH solut ion (10 ml, 0.1 M), evaporated to dryness, and the 
residue made up to 1 m l. Al iquots  were analysed by HPLC, together  
with a reagent blank.
% recover ies  o f  the metals were 88% f o r  Ni and 90% f o r  Co.
The e f f e c t  o f  d iverse ions on Ni and Co determinations
A ser ies  o f  solut ions 10~8 M in nickel and cobalt  sa l ts  and
containing 1000-fold excesses o f  d iverse ions was prepared. The
cations were genera l ly  present as the n i t ra te  sa l ts  and the anions<as
the sodium sa l t s .  A liquots  (5 ml) were neutra l ised ,  i f  necessary,
with ammonia solut ion and then extracted with HTDBM solut ion (10~4 M)
by the standard method. In cases where the % recovery o f  Ni or Co
was s i g n i f i c a n t l y  (> 8%) g rea te r  than f o r  a solution containing no
diverse ion, an extract ion  o f  the d iverse ion solut ion was also
performed. In cases where the % recovery o f  Ni or Co was decreased
-3by diverse cations,  the ex trac t ion  was repeated using 5 x 10 M
HTDBM solut ion.  For d iverse  cations where % recovery was s t i l l
reduced, solut ions containing 100- f o l d  and 10- f o ld  excesses o f  d iverse
-3 -4
ion were extracted with 5 x 10 M and 10 M HTDBM solut ion r espec t i v e ly .  
In the case o f  % recovery reductions in the presence o f  d iverse anions, 
solut ions containing 100- f o ld  and 10- f o ld  excesses o f  the d iverse  ion 
were extracted with 10~4 HTDBM so lut ion.  The resu lts  are given in 
Table 9.18.
Extraction of Ni and Co from very d ilu te solution
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Table 9.18 ( a ) E f f e c t  o f  1000-fold excess o f  d iverse ions on %
recovery o f  Ni and Co ( 10-6 m Ni and Co s a l t  so lut ion ,  
1 0 ^  M HTDBM solut ion)
Diverse ion % recovery Ni % recovery Co
- 91 91
C u( I I ) 0 0
Ag ( i ) 0 5
F e ( I I I ) 24 7
C r ( I I I ) 7 9
Al ( I I I ) 32 17
Zn ( I I ) 50 94
Sn( I I ) / IV ) 49 18
H g (H ) 0 20
P b ( I I ) 101 102
B i ( I I I ) 101 100
C d (H ) 96 90
Mn(I I ) 93 89
Ca 96 93
Mg 99 97
K 95 94
Na 94 93
c i t r a t e 41 94
phosphate 96•k 91
oxalate 111 97
f luo r ide 103 100
acetate 93 89
sulphate 94 93
n it rate 94 93
*  -3
the ex trac t  o f  10 M sodium oxalate solut ion gave the 
equivalent o f  10% N i .
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Table 9.18 (b) Effect of 1000-fold excess of d iverse ions on %
recovery of Ni and Co(10“6 m Ni and Co s a lt  so lu tion , 
5 x 10“3 M HTDBM so lu tion )
Diverse ion % recovery 'Ni % recovery Co
- 91 91
C u (II) 20 85
Ag(i) 79 49
F e ( I I I ) 47 9
C r ( I I I ) 24 26
Al ( I I I ) 53 51
Z n ( I I) 95 91
S n ( I I )/ (IV) 40 13
Hg(H) 49 40
N i ( I I ) 1 - 92
C o ( I I I ) 2 92 -
ho*-7 M Co, 10“4 M Ni so lu tion s used 210~7 M N i, 10“  ^ M Co so lu tion s used
Table 9.18 (c) Effect of 100-fold excess of d iverse ions on %
recovery of Ni and Co ( IO "6 M Ni and Co s a lt  so lu tion , 
10-4 m HTDBM so lu tion )
Diverse ion % recovery Ni % recovery Co
- 91 91
C u ( II) 91 85
Ag(i) 91 88
Fe ( I I I ) 68 41
C r ( I I I ) 64 30
A l ( I I I ) 89 88
S n ( I I ) / ( IV ) 55 24
Hg(H) 86 89
. c itra te 93 ......94 ........
Table 9.18 (d) Effect of 10-fold excess and 1:1 concentrations on
% recovery of Ni and Co (10~6 M Ni and Co s a lt  so lu tion , 
10-4 M HTDBM so lu tion )
Diverse ion % recovery Ni % recovery Co ;
- 91 91
Fe (10 -fo ld  excess) 95 86
Cr (10 -fo ld  excess) 89 75
Sn (10 -fo ld  excess) 88 64
Cr (1:1) 92 i 87
Sn (1:1) 91 85
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The formation o f  complexes o f  the diverse ions was observed f o r  
Cu, Zn, Ag, Pb, Bi and Cd. The brown Cu complex was p a r t i a l l y  
soluble in the organic phase and not removed by extract ion  with NaOH 
solut ion.  The ye l low  Zn complex was soluble in the organic phase 
and removed by NaOH extract ion  (three  successive ex t rac t ions ) .
In the case o f  Ag, Pb, Bi and Cd, p rec ip i ta tes  were formed and the 
solutions were centr i fuged before  chromatography i f  necessary.
Extracts o f  solut ions containing 1000-fold excesses o f  Mg, c i t r a t e  and 
oxalate remained pale y e l low  a f t e r  NaOH extract ion .
Peaks with t RCu were genera l ly  observed, and peak heights were 
not reproducible f o r  a given sample. In the case o f  extracts  from 
solut ions containing excesses o f  c i t r a t e ,  oxa la te ,  Pb, Cu and Zn,
s i g n i f i c a n t l y  larger  peaks with t^8u were obtained, but again were not
reproducible.
I t  was noted during the course o f  th is  study that  the response 
to  Cu(TDBM)2 changed, the peak decreasing in height and t a i l i n g .
D i f f i c u l t y  was experienced in chromatographing extracts  where 
5 x 10"3 M HTDBM solut ion was used. A ser ies  o f  broad peaks was
eluted f o r  about 15 min a f t e r  t ^ ° .
Solvent screening
A ser ies  o f  water-immiscible solvents was analysed f o r  extractab le  
Ni and Co. A solution o f  HTDBM in the solvent o f  in t e r e s t  (5 ml, TO"4 M) 
was shaken with pH 9 bu f fe r  solut ion (5 ml) f o r  10 min and the organic 
phase re-extracted with NaOH solut ion (5 ml, 0.1 M) p r io r  to HPLC 
analysis  (100 yl i n j e c t i o n s ) .  In the case o f  semi-polar so lvents ,  
the organic phase was d i lu ted  with TMP to match the p o la r i t y  o f  the 
e luent p r io r  to HPLC analys is .
-190-
Extractable Ni or Co were not found in any o f  the solvents 
analysed. However, in some cases the chromatographic behaviour o f  
the blank ex trac t  might produce d i f f i c u l t i e s  in the use o f  other 
solvents f o r  the extract ion o f  Ni(TDBM)2 and Co(TDBM)3 . The results  
are summarised in Table 9.19.
Table 9.19 HPLC charac te r is t ics  o f  reagent blanks f o r  a range o f  
solvents as extract ing  solvents
Solvent DetaiIs ..........................
cyclohexane as TMP
hexane as TMP
toluene solvent peak (T )
toluene AR solvent peak (T)
benzene solvent  peak (T)
benzene AR solvent peak (T)
petroleum ethers as TMP
(AR and reagent g^ade)
chloroform as TMP
dichloromethane as TMP
dichloroethane as TMP
diethyl  ether t a i l i n g  peak in t ^ 1* - t RCo reg ion,  .05 AU
diisopropyl  ether t a i l i n g  peak in t R^  ~ tpCo reg ion ,  .05 AU
solvent peak ( T ) ;  t a i l i n g  so lvent peak might in t e r f e r e  with Ni 
determination
9 . 8  SOME A P P L IC A T IO N S  OF THE METHOD
A P a r t i s i l  10 c o lu m n  w i t h  45% d i c h l o r o m e t h a n e  i n  TMP a s  e l u e n t  
( F R  *= 3 . 0  m l / m i n )  was  u s e d  f o r  t h e  HPLC a n a l y s i s .  R e s u l t s  w e r e  
i n t e r p r e t e d  b y  c o m p a r i s o n  w i t h  v a l u e s  o b t a i n e d  f o r  a s e r i e s  o f  s t a n d a r d  
e x t r a c t i o n s .
M a r g a r i n e  and  c o o k i n g  o i l
S a m p l e s  o f  m a r g a r i n e  ( E c h o ,  S t o r k )  and c o o k i n g  o i l  ( M a z o l a )  ( 1 0  g )  
w e r e  w e i g h e d  i n t o  p o r c e l a i n  c r u c i b l e s  and h e a t e d  on an e l e c t r i c  h o t ­
p l a t e  f o r  a b o u t  4 h r .  When a t a r r y  r e s i d u e  was  f o r m e d  t h e  c r u c i b l e s  
w e r e  t r a n s f e r r e d  t o  a m u f f l e  f u r n a c e  and h e a t e d  f o r  2 - 3  h r .  a t  5 4 0 °  C 
u n t i l  o n l y  a f e w  c a r b o n  p a r t i c l e s  r e m a i n e d ;  t h e  r e s i d u e s  w e r e  
m o i s t e n e d  w i t h  a f e w  d r o p s  o f  d i 1 . HCI ( 3  M) and warmed f o r  a f e w  m i n u t e s  
T h e  c o n t e n t s  o f  t h e  c r u c i b l e s  w e r e  d i l u t e d  t o  25 ml and 5 ml a l i q u o t s  
n e u t r a l i s e d  w i t h  c o n c .  a m m on ia ,  e x t r a c t e d  and a n a l y s e d  b y  HPLC as  
p r e v i o u s l y  d e s c r i b e d ,  t o g e t h e r  w i t h  a r e a g e n t  b l a n k .
A t t e m p t  v/as a l s o  made t o  a n a l y s e  f o r  N i  i n  m a r g a r i n e  w i t h o u t  
p r e l i m i n a r y  a s h i n g  o f  t h e  s a m p l e  b y  d i r e c t  e x t r a c t i o n  o f  t h e  s a m p l e  
w i t h  HTDBM s o l u t i o n  i n  TMP a t  pH 9 .  H o w e v e r ,  d i f f i c u l t y  was 
e x p e r i e n c e d  i n  o b t a i n i n g  r e p r o d u c i b l e  r e s u l t s  due  t o  t h e  a p p a r e n t l y  
l o w  c a p a c i t y  o f  t h e  c o lu m n  f o r  m a r g a r i n e .
I n s t a n t  t e a
S a m p l e s  o f  i n s t a n t  t e a  ( D r i n k m a s t e r  L t d . ,  C o r n w a l l ;  N e s t e a ,
N e s t l e s  L t d . )  (1 g )  w e r e  w e i g h e d  i n t o  100 ml b e a k e r s ,  AR c o n c .  n i t r i c  
a c i d  ( 1 0  m l )  a d d e d ,  and t h e  v e s s e l s  c o v e r e d  w i t h  w a t c h  g l a s s e s .  T h e  
s o l u t i o n s  w e r e  e v a p o r a t e d  on a h o t - p l a t e  and t h e  r e s i d u e  b a k e d  f o r  
a f e w  m i n u t e s  and a l l o w e d  t o  c o o l .  T h i s  p r o c e d u r e  was  r e p e a t e d  u n t i l
a w h i t e  r e s i d u e  was  o b t a i n e d .  T h e  r e s i d u e  was  d i s s o l v e d  i n  a f e w  
d r o p s  o f  n i t r i c  a c i d  and d i l u t e d  t o  25 m l .  5 ml a l i q u o t s  w e r e  
n e u t r a l i s e d  w i t h  c o n c .  a m m on ia ,  e x t r a c t e d  and a n a l y s e d  b y  HPLC as  
p r e v i o u s l y  d e s c r i b e d ,  t o g e t h e r  w i t h  a r e a g e n t  b l a n k .
B l o o d  serum
A s a m p l e  o f  human b l o o d  s e ru m  t a k e n  f r o m  a p a t i e n t  a f t e r  c o b a l t
t h e r a p y  ( k i n d l y  d o n a t e d  b y  D r .  A .  T a y l o r ,  D e p a r t m e n t  o f  B i o c h e m i s t r y ,
U n i v e r s i t y  o f  S u r r e y )  and r a t  b l o o d  s erum  f r o m  an a n i m a l  t r e a t e d  w i t h
206
c o b a l t  c h l o r i d e  w e r e  p r e p a r e d  a s  f o l l o w s .  Serum ( 2  m l ) ,  AR c o n c .  n i t r i c  
a c i d  ( 5  m l )  and p e r c h l o r i c  a c i d  (1 m l )  w e r e  a l l o w e d  t o  s t a n d  f o r  15 m in  
and t h e n  h e a t e d  a t  a p p r o x  2 0 0 °  C u n t i l  fum es  had e v o l v e d .  The  
t e m p e r a t u r e  was  t h e n  i n c r e a s e d  and t h e  s o l u t i o n  was  e v a p o r a t e d  t o  
d r y n e s s .  A f t e r  c o o l i n g ,  HCI ( 0 . 5  m l ,  4 . 5  M) was  a d d e d ,  t h e  s o l u t i o n  
e v a p o r a t e d  t o  d r y n e s s  and  t h e  r e s i d u e  c o o l e d .  HCI ( 1 . 0  m l ,  4 . 5  M) 
was  a d d e d ,  t h e  s o l u t i o n  h e a t e d  a t  a p p r o x .  1 5 0 °  C f o r  2 min and c o o l e d .  
T h e  s o l u t i o n  was  t r a n s f e r r e d  t o  a g l a s s  t u b e ,  n e u t r a l i s e d  w i t h  c o n c .  
a m m on ia ,  e x t r a c t e d  b y  t h e  s t a n d a r d  m e th o d  u s i n g  10 M HTDBM s o l u t i o n  
and a n a l y s e d ,  t o g e t h e r  w i t h  a  r e a g e n t  b l a n k .
R a t  l i v e r
F r e e z e - d r i e d  r a t  l i v e r  ( 0 . 2 5  g )  f r o m  an a n i m a l  t r e a t e d  w i t h  
c o b a l t  c h l o r i d e  s o l u t i o n  was  p r e p a r e d  f o r  e x t r a c t i o n  and a n a l y s i s  a s  
d e s c r i b e d  f o r  i n s t a n t  t e a .
P l a n t  s a m p l e
A p l a n t  s a m p l e  ( k i n d l y  d o n a t e d  b y  D r .  M. F a r a g o ,  B e d f o r d  C o l l e g e ,  
U n i v e r s i t y  o f  L o n d o n )  was  d r i e d  a t  1 0 0 °  C t o  . c o n s t a n t  w e i g h t  and d i v i d e d  
i n t o  tw o  p o r t i o n s  ( a p p r o x .  0 . 1  g ) .  AR c o n c .  n i t r i c  a c i d  ( 1 0  m l )  was  
a d d e d  t o  t h e  w e i g h e d  m a t e r i a l  i n  c o n i c a l  f l a s k s  and  f i l t e r  f u n n e l s
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99
p l a c e d  i n  t h e  f l a s k  n e c k s .  When e f f e r v e s c e n c e  c e a s e d ,  t h e  f l a s k s  
w e r e  h e a t e d  f o r  2 -  3 h r  a t  j u s t  b e l o w  b o i l i n g  p o i n t  and t h e n  t h e  
t e m p e r a t u r e  was  i n c r e a s e d  u n t i l  a c l e a r  s o l u t i o n  was  o b t a i n e d .  T he  
s o l u t i o n  was  made up t o  100 ml and 5 ml a l i q u o t s  w e r e  n e u t r a l i s e d  w i t h  
c o n c .  am m on ia ,  e x t r a c t e d  and c h r o m a t o g r a p h e d  b y  t h e  s t a n d a r d  m e t h o d ,  
t o g e t h e r  w i t h  a r e a g e n t  b l a n k .
O t h e r  s a m p l e s
T w o - s t a r  p e t r o l ,  l e m o n  j u i c e  ( S a i n s b u r y ’ s )  and d i a l y s a t e  ( f r o m  
p a t i e n t s  a f t e r  c o b a l t  t h e r a p y ,  k i n d l y  d o n a t e d  b y  D r .  A .  T a y l o r )  w e r e  
a l s o  a n a l y s e d .  1 0 “ ^ M s o l u t i o n  o f  HTDBM i n  p e t r o l  ( 5  m l )  was  s h a k e n  
w i t h  b u f f e r  a t  pH 9 ( 5  m l )  f o r  10 min and t h e  o r g a n i c  p h a s e  r e - e x t r a c t e d  
w i t h  NaOI-i s o l u t i o n  ( 5  m l ,  0 . 1  M) p r i o r  t o  HPLC a n a l y s i s .  T he  l e m o n  
j u i c e  was  n e u t r a l i s e d  w i t h  c o n c .  ammonia  and t h e n  e x t r a c t e d  and a n a l y s e d  
b y  t h e  s t a n d a r d  m e t h o d .  T h e  d i a l y s a t e  was  e x t r a c t e d  and a n a l y s e d  b y  
t h e  s t a n d a r d  m e t h o d .
T he  r e s u l t s  o f  t h e  a n a l y s e s  a r e  g i v e n  i n  T a b l e  9 . 2 0 .
T h e  p e t r o l  e x t r a c t  g a v e  a s e r i e s  o f  b r o a d  a s y m m e t r i c  p e a k s  a t
t  N i  ^ Co t R z R .
I n  t h e  c a s e  o f  t h e  i n s t a n t  t e a s  and t h e  p l a n t  s a m p l e ,  t h e  p e a k  
a t  t R was  m e a s u r e d  a t  d i f f e r e n t  w a v e l e n g t h s  and t h e  r e s p o n s e  was  
c o n s i s t e n t  w i t h  t h e  UV s p e c t r a  o f  C o (T D B M )3 .
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Table  9 .2 0  R esults  o f  analyses
S a m p le Ni  f o u n d Co f o u n d
•k
I n d e p e n d e n t  a n a l y s i s
Ni  f o u n d Co f o u n d
S t o r k < 1 . 5  n g / g < 1 . 5  ng/ g - -
Echo 0 . 1 3  y g / g < 1 . 5  ng/ g 0.12 y g / g  
( f l a m e l e s s  
a . a . )
-
M a z o l a < 1 . 5  n g / g < 1 . 5  ng /g - -
D r i n k m a s t e r  
i n s t a n t  t e a
2 . 4 6  y g / g 0 . 0 9  y g / g 4 . 8  y g / g  
( f l a m e  a . a . )
-
N e s t e a 1 3 . 1 8  y g / g 0 . 1 7  y g / g 1 4 . 8  y g / g  
( f l a m e  a . a . )
-
B l o o d  serum 
(human)
- 0 . 4 5  yg/ml - 0 . 4 7  yg/ml  
( a . a  a s  206 
d e s c r i b e d  i n )
B l o o d  serum 
( r a t )
- 1.68 yg/ml - 1
R a t  l i v e r  
( f r e e z e  d r i e d )
- 5 0 . 9 3  y g / g -
P l a n t  s a m p l e 1 8 9 . 3  y g / g  
6 4 2 . 1  y g / g
3 . 7  y g / g 2 4 6 . 5  y g / g
6 1 8 . 6  y g / g
( f '1 ame a . a . )
Lemon j u i c e < 0 . 6  ng/ml < 0 . 6  ng/ml - -
D i a l y s a t e s < 0 . 6  ng/ml < 0 . 6  ng/ml - < 4 . 4  ng/ml 
( a . a  as  2oe 
d e s c r i b e d  i n )
-  =  n o t  d e t e r m i n e d  a . a  = a t o m i c  a b s o r p t i o n
•k
a n a l y s e s  c o n d u c t e d  b y  Mr .  J .  R i c h m o n d ,  D e p a r t m e n t  o f  C h e m i s t r y ,  
U n i v e r s i t y  o f  S u r r e y  and D r .  A .  T a y l o r ,  D e p a r t m e n t  o f  B i o c h e m i s t r y ,  
U n i v e r s i t y  o f  S u r r e y .
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HAA acety lacetone
HBA henzoylacetone
HDBM -dibenzoylmethane
HTDBM thiodibenzoylmethane
TMP trim ethylpentane
FR flow  ra te
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AU absorbance units
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